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Abstract

In this thesis we have extensively investigated the deposition of various high-k
dielectric films—including HfO,Ny, Al,Os, and Gd,Os—onto the bulk Ge and GaAs
substrates and the electrical characteristics of the devices with these developed high-k
dielectric films. At first, two surface passivation methods, i.e., the NH3 plasma
pretreatment and the ultrathin Si capping, were employed to improve the quality of the
sputtered HfO4N, films on the Ge substrates. Not only the severe incorporation of Ge
species into the overlying HfO,N, was eliminated, but also the smaller amount of GeOx
remained at the dielectric interface and the less oxide trapped charge were observed
after undergoing surface nitridation or Si capping processes. These improvements can
be attributed to the reduced GeOy volatilization and also enhanced thermal stability of

the high-k/Ge interface.



We subsequently studied the material and electrical properties of
atomic-layer-deposited (ALD) Al,Os thin films on the Ge substrates. It was found that
an increase in the deposition temperature did improve both the density and
stoichiometry of the Al,O; films; nevertheless, temperatures exceeding 200 °C caused
the intermixing of top ALO; and interfacial GeO, layers, i.e., the formation of a
Ge,AlO intermediate layer. It led to the consequence of an increasing gate leakage (Jo)
and a higher interface state density (Dj, >10" cmfzerl) in the Pt/Al,O3/Ge capacitors.
On the other hand, for improving the quality of low-temperature (100 °C) Al,Os films
on the Ge, the forming gas annealing (FGA) at 300 °C was conducted further; the value
of the Dy close to midgap was evidently lowered to ca. 6 x 10" cm eV accompanying
with the reduced hysteresis width. In addition, we combined these device experiments
with MEDICI simulations and thus validated ‘that a high value of intrinsic carrier
concentration (n;) in Ge, via the bulk-trap generation/recombination as well as the
diffusion from the bulk substrate, wereresponsible for the presence of low frequency
C-V curves in the kHz regime and-the gate-independent inversion conductance. The
density of the bulk trap was estimated to be ca. (2-4) x 10" ¢cm™ in the low-doped Ge
in terms of their conductance-voltage (G-V) characteristics. The plot of the
Arrhenius-dependent substrate conductance (Ggy) also indicated a larger energy loss
occurring in Ge than in Si by at least four orders of magnitude, reflecting the fast

minority-carrier response rate.

We also, afterward, presented the study of the effects of alterant wet-chemical
clean and (NH4),S treatment on the electrical characteristics of high-k/GaAs devices.
Through analysis of the surface chemistry, it was evident that employing the NH,OH
alkaline solution and then (NH4),S-H,O passivation at 80 °C effectively suppressed the

formation of GaAs native oxides and elemental As close to dielectric interface, thereby
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abating the “Fermi level (Ef) pinning” effect on the electrical performance. With
undergoing the optimized sulfidization processes, the fabricated Gd,O3/GaAs capacitors
exhibited the J, of ca. 1.5 X 10° A/em? @ Vg = (Veg + 1) V with the
capacitance-equivalent-thickness of ca. 20 A, which is comparable to the earlier study
of high-performance HfO,/GaAs system with an ultrathin Si/Ge interfacial passivation.
Also, the sulfidized ALD-AI,O3/GaAs capacitors can reveal the resultant higher oxide
capacitance, the smaller frequency dispersion, the decreased hysteresis width, the
reduced Dj;, and the smaller J,, respectively. Further replacing the (NH4),S solvent from
H,O to C4HyOH indicated a higher electrical improvement, in which an obvious
suppression of elemental As and AsOy surface species was found with an increasing
sulfur bonds on the GaAs substrates. On the other hand, the influences of post annealing
ambient, O, and N,, adopted in the Al,Os/GaAsrcapacitor were investigated and we
clarified the characteristic differences by identifying the underlying thermochemical
mechanisms. In our studies, another intercsting feature was noticed that the deposition
of the ALD-ALO; films on GaAs favored to at the higher temperature, 300 °C, which is

opposite to the behavior that those on Ge favored to at low temperatures (<200 °C).

Finally, we have successively demonstrated the device characteristics of the
inversion-mode Ge p- and n-MOS field-effect-transistors (FETs) with the ALD-Al,0;
gate dielectrics, respectively. The respective peak mobility and on/off ratio was ca. 225
cm” V' s and >10° for Ge p-FET (W/L = 100 pm/4 pm), while these values were less
than 100 cm® V™' s and ca. 10°, respectively, for Ge n-FET (W/L = 100 um/9 pm). The
inferior n-FET device performance can be mainly correlated to the larger source/drain
(S/D) contact resistance, the severe D scattering, and the lower level of substrate
doping. Subsequently performing FGA at 300 °C can enhance the driving on-current,

decrease the Dj; at the Al,O3—Ge interface, and improve the negative bias temperature
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instability (NBTI) reliability. A higher FGA temperature of 400 °C led to a dramatic
increase in the off-current of the n-FET, arising from the severe out-diffusion of
phosphorous dopant from S/D. Herein, the characteristics of Ge junction diodes and
their reverse leakage paths were also examined in more details. The magnitudes of the
rectifying ratios for the Ge p'n and n'p junctions exceeded three and four orders of
magnitude (in the voltage range of +1 V), respectively, with the values of reverse
junction leakage of ca. 107 and 10™* A/ecm’, respectively. The site of the primary
leakage path, at either the surface periphery or junction area, was determined by (i) the
thermal budget during dopant activation and (ii)) whether FGA was employed or not.
Furthermore, the transfer and output characteristics of the depletion-mode
ALD-Al,03/GaAs n-FET with the (NH4),S-C4HyOH chemical passivation were also
presented. The maximum lg was 250 mA/mm measured at Vo—Vy, = 4.8 V, Vg =4 V.
However, the extracted peak electron mobility: was only 336 cm”V™'s™”, indicating that

optimization of the dielectric/GaAs interface was.still required.
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corresponding plots of J, versus V, before and after PDA at 600 °C (p. 34).
Dependence of the hysteresis width in C-V (1 MHz) sweep on the starting
accumulation and inversion gate biases; the absence of the hysteresis behavior
in the gate-bias ranged from 0 to 1 V (p. 35).
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Fig. 2.8

Fig. 2.9

Fig. 2.10

Fig. 2.11

Fig. 2.12

Fig. 2.13

Chapter 3

Fig. 3.1

Ge 2p3 XPS spectra of Pt/HfO,N,/Ge capacitors prepared without and with
NH; nitridation. Three components were extracted: Ge, GeOx, and GeO: (p.
35).

Ge 3p XPS spectra of Pt/HfO,N,/Ge capacitors prepared without and with NH;
nitridation. Three components were extracted: Ge, GeOy, and GeO: (p. 36).
SIMS profiles of HfO,Ny thin films deposited on Ge substrates (a) without and
(b) with Si passivation. The solid lines ( — ) and solid squares ( m ) refer to
the as-deposited samples; the dotted lines ( --- ) and open squares ( [] ) refer to
the annealed samples (500 °C, 5 min) (p. 36).

(a) XPS spectra displaying the Si 2p and Ge 2p core levels for Ge samples
capped with a Si layer (ca. 8 A) before ( m ) and after ( 1) deposition of the
HfOxN, high-k film:(b) Ge 2p spectra of Pt/HfO,N,/Ge gate stacks before
(solid symbols) and after (open-symbols) dielectric annealing at 500 °C for 5
min. Note that the lowest'curve (. *, ) indicates that no Ge was incorporated
into the high-k film-when thermal processing—PDA and PMA—was not
undertaken (p. 37).

Bidirectional sweep (1 MHz) C-V curves of Pt/HfO,N,/Ge gate stacks lacking
and containing a Si capping layer. HfO,N, was the as-deposited thin film and
the capacitors were only subjected to 400 °C PMA (p. 38).

Schematic energy band diagram displaying the charge trapping model for a
Pt/HfON,/GeO,/Ge gate stack upon (a) sweeping from the inversion bias (V
= Ve — 1 V) and (b) sweeping from the accumulation bias (Vq = Vg + 1 V).

Note that the value of Vg was ca. 0.5 V (p. 38).

TEM images of the as-deposited Pt/ALD-Al,0;/Ge structure after 60
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Fig. 3.2

Fig. 3.3

Fig. 3.4

Fig. 3.5

Fig. 3.6

Fig. 3.7

deposition cycles under different values of Ty, (p. 66).

Growth rates of ALD-AlO; films plotted against the value of Ty, for both this
and previously studies (by Ott et al. and Groner et al.). Solid lines represented
the simulation of our proposed ALD model [25] (p. 66).

(a) Measured and simulated GIXRR curves of the as-deposited Al,O; (60
cycles)/Ge structures at values of Ty, of 50 and 300 °C. (b) Extracted AlLO;
film densities plotted with respect to the value of Tgp. (c) Extracted
thicknesses of each layer and GeO,/Ge interface roughness plotted against the
value of Tgp Note that the modeled XRR  structure is the
AlLO3/GexAl; xO/GeO,/Ge gate stack (p. 67).

SIMS depth profiles of carbon second-ion intensity within ALD-AL,O; (60
cycles) on Ge substrate deposited at various values of Tgep. The Al and O
second-ion intensities of the AlyO3 (Taep = 300 °C)/Ge sample are labeled as a
reference of the relative.depth (p.-68).

(a) Binding energy difference-between the peak positions of Al 2p and O Is
core levels for the as-deposited ALO; (Tgp = 100 °C)/Ge structure. (b)
Oxygen-to-aluminum elemental ratios estimated from the respective
photoemissions of the Al,O3 (Tgep = 50-300 °C)/Ge samples subjected to RTA
at 400 and 600 °C, respectively (p. 68).

(a) Ge 2pay2 core level spectra of the Al,O3 (Tgep = 100 °C)/Ge structure before
and after RTA. Inset: Emission ratio of Ge oxides to substrate extracted from
the Ge 3d core level. (b) Calculated GeO, atomic concentration within Al,O;
high-k dielectric (Tgep = 50-300 °C) grown on Ge substrate before and after
RTA (p. 69).

(a) Multi-frequency C-V and (b) |-V characteristics of the Pt/Al,O3 (Tq4ep = 100

°C)/p-Ge MOS capacitors before and after FGA at 300 °C. Inset: Bidirectional
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Fig. 3.8

Fig. 3.9

Fig. 3.10

Fig. 3.11

Fig. 3.12

Fig. 3.13

C-V curves measured at 100 kHz (p. 70).

(a) Plot of Gy/m versus the log frequency curves for the as-deposited Pt/Al,O;3
(Taep = 100 °C)/p-Ge structure under various gate biases. Energy distribution of
D;; for Pt/Al,05/p-Ge samples (b) subjected to different thermal processing and
(c) grown at values of Ty, from 50 to 300 °C (p. 71).

(a) Equivalent circuit of a p-type MOS device, incorporating the effects of
interface states and minority-carrier dart current, which can be characterized by
(b) a parallel circuit mode with a frequency-dependent substrate capacitance
Csub(W) and conductance Ggup(W). Simplified MOS device circuits biased in (c)
strong accumulation, (d) depletion, and (e) strong inversion (p. 72).
MEDICI-simulated C-V curves of Al/SiO, gate stacks on Si and Ge substrates
under measured températures ranging from 250 to 400 K: (a) p-Si, 10'° cm™;
(b) p-Ge, 10" cni?; (¢) p-Ge, 10" cm . Note that the measured frequencies
are labeled by selid symbols; square (H, 1 MHz), circle (®, 100 kHz),
up-triangle (A, 10 kHz); down-triangle (¥, 1 kHz), and star (3, 100 Hz) (p.
73).

MEDICI-simulated G-V curves of Al/Si0O, gate stacks on Si and Ge substrates
under measured temperatures ranging from 250 to 400 K: (a) p-Si, 10'° cm™;
(b) p-Ge, 10" cm™; (c) p-Ge, 10" cm™. Note that the measured frequencies
are labeled by solid symbols: square (H, 1 MHz), circle (®, 100 kHz),
up-triangle (A, 10 kHz), down-triangle (W, 1 kHz), and star (3, 100 Hz) (p.
74).

Measured C-V (left-hand y-axis) and G-V (right-hand y-axis) curves of
Pt/ALD-A1,03/p-Si MOS capacitors (p. 75).

Measured C-V (left-hand y-axis) and G-V (right-hand y-axis) curves of
Pt/ALD-ALO3/p-Ge MOS capacitors (p. 75).
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Fig. 3.14

Fig. 3.15

Fig. 3.16

Fig. 3.17

Fig. 3.18

(a)~(c) C-V and (d)—(f) G-V curves of Pt/ALD-AL,Os/p-Ge MOS capacitors
measured at temperatures of 20, 40, and 60 °C, respectively (p. 76).

(a)~(b) C-V and (c)—(d) G-V curves (1 MHz) of Pt/ALD-Al,0O; gate stacks on
p-Ge and n-Ge MOS capacitors, measured at temperatures ranging from 15 to
100 °C (p. 76).

(a) Simulated Arrhenius-dependent substrate conductances Gy, in Si and Ge at
two dopant concentrations (10" and 10'® cm™), plotted with the experimental
data obtained in this and previous studies [14], [17]. The simulated Gy, data
can be fitted by the diffusion conductances Gg (solid lines) and g-r
conductances Gy (dashed lines), respectively. (b) Calculations of
temperature-dependent Ggir and G, in Si and Ge substrates having dopant
concentrations of 2 x 10" ¢in>. The values of Nt were 10" and 10" ¢cm > in Si
and Ge, respectively. The values!of.the WC;,, term were also calculated in
terms of the frequency rangeil kHz-—1 MHz/(p. 77).

(a) Simulated temperature-dependent transition frequencies fi,, in Si and Ge at
two dopant concentrations (10" and 10'® cm™), plotted along with our
experimental data from Figs. 3.13 and 3.16. (b) Calculated
temperature-dependent transition frequencies fiy,, in Si and Ge substrates,
determined according to the material parameters in Fig. 3.19. Different values
of Nt (10"-10" cm ) were assumed for our highly doped Ge system (p. 78).
(a) Calculated response frequency fi; of interface states plotted as a function of

the surface potential ¢ for Si and Ge capacitors at RT. (b) Temperature
dependence of the plots of fi; versus the ¢ for the Ge capacitor. The shadow

region represents the standard frequency range 1 kHz-1 MHz used for

measurements. (c¢) Plot of the ¢ dependence of observable Dj in the Ge

bandgap at various measured temperatures (within the standard frequency
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range). For comparison, the temperature dependence of the Ge bandgap is
presented on the right-hand y-axis (p. 79).

Fig. 3.19 Measured values of Ggw/W plotted with respect to the log frequency for
Pt/ALD-AL,O; gate stacks on (a)—(c) p-Ge and (d)—(f) n-Ge substrates at

temperatures of 20, 40, and 60 °C, respectively (p. 80).

Chapter 4

Fig. 4.1 As 2p3n XPS spectra of clean GaAs substrate subjected to four different WCPs.
Five components were extracted: GaAs, AsSy, As;03, As,Os, and elemental As
(p. 95).

Fig. 4.2 Ga 2ps;, XPS spectra of clean GaAs substrate subjected to four different WCPs.
Four components were extracted: GaAs, GaSy, Ga;0O, and Ga,Os3 (p. 96).

Fig. 4.3 RMS surface roughness of clean GaAs substrate subjected to different WCPs
(p. 96).

Fig. 4.4 (a) Bidirectional sweep (10 kHz) €C-V curves; (b) the frequency response of
AC and AV values for Pt/Gd,0;/n-GaAs capacitors with four kinds of WCPs
(p- 97).

Fig. 4.5 The -V characteristics of Pt/Gd,0,/n-GaAs capacitor with the WCP — HCI +
NH4OH + Sulfide (1%, 80 °C). The inset displays the plot of J, @ V, = (Vg +
1) V versus the WCP conditions (p. 98).

Fig. 4.6 As 2p3n and Ga 2ps3p XPS spectra of the Pt/Gd,O3/GaAs structures
investigated in Figs. 4.4 and 4.5 (p. 98).

Fig. 4.7 Comparison of Jg versus CET or EOT characteristics for Pt/Gd,Os/n-GaAs

capacitors with other’s published data [3], [5], [13]-[15], [38], [39] (p. 99).
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Chapter 5

Fig. 5.1 (a) Multi-frequency C-V and (b) bidirectional C-V (10 kHz) curves of
Pt/ALD-AlL,O3/n"-GaAs capacitors with different cleaning preparation and
annealing processes. The Al,O3 films were deposited at 100 °C for 60 cycles (p.
128).

Fig. 5.2 Gate leakage current J, characteristics of Pt/Al,O3/n-GaAs capacitors. The
Al,Oj thin films were deposited at 100 °C for 60 cycles (p. 128).

Fig. 5.3 (a) C-V curves of GaAs MOS capacitors with ALD-Al,O3; deposited at 300°C
for 60 cycles and (b) Comparison of J, versus CET characteristics of
ALD-Al,03/GaAs capacitors deposited at 100 and 300 °C with different
surface preparation and annealing processes (p. 129).

Fig. 5.4 As 2p3 and Ga 2psz XPS spectra of as=deposited ALD-AIL,O; thin films on
GaAs substrates without and with (NH4),S, sulfide passivation (p. 130).

Fig. 5.5 As 3d and Ga 3d XPS spectra-of as-deposited ALD-AI,O; thin films on GaAs
substrates with and without (NHa4),S sulfide passivation (p. 130).

Fig. 5.6 (a) Multi-frequency and (b) bi-directional C-V characteristics and (c) gate
leakage current (1-V) curves of GaAs MOS capacitors with as-deposited Al,O3
thin films after (NH4),S passivation and PMA at 400 °C (p. 131).

Fig. 5.7 HRTEM images of Pt/Al,Os/sulfidized-GaAs structures with different
deposition cycles and PDA conditions: (a) 100 cycles, N, PDA; (b) 100 cycles,
0O, PDA; (¢) 60 cycles, O, PDA. PDA temperature: 600 °C (p. 132).

Fig. 5.8 Multi-frequency C-V curves of sulfidized-GaAs MOS capacitors with Al,O3
thin films annealed for (a) 100 and (b) 60 deposition cycles. Each inset
displays the respective C-V hysteresis measured at 100 kHz (p. 133).

Fig. 5.9 |-V Characteristics of the MOS capacitors analyzed in Fig. 5.8. Inset: Plot of Jq
(at Vg =2 V) versus CET (p. 134).
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

Stress time dependence of the gate leakage Jg for Pt/ ALD-Al,O3/GaAs MOS
capacitors under a constant Vg stress of 5 V (at the left y-axis) and a constant
Eox stress of 8.5 MV cm™' (at the right y-axis), respectively (p. 134).

As 2p3;2 and Ga 2pz» XPS spectra of 600 °C-annealed Al,Os thin films on the
sulfidized GaAs substrate. The contributing chemical components were
extracted and are displayed in the respective spectra (p. 135).

As 3d and Ga 3d XPS spectra of 600 °C-annealed Al,O; thin films on the
sulfidized GaAs substrate. The contributed chemical components were
extracted and are displayed in the respective spectra (p. 136).

SIMS depth profiles of the Al,O3/GaAs samples analyzed in Fig. 5.12. The
diffusion of As- and Ga-related chemical species into overlying high-k film
was observed (p. 136).

Ga 2p3n and As 2p3p' XPS 'spectra. of GaAs substrate subjected to different
wet-chemical procedures: Four.components were extracted in Ga 2ps/, spectra:
GaAs, GaS;, Ga,0, and-Ga,O3;while five components were extracted in As
2pss spectra: GaAs, elemental As, AsSy, As;Os, and As;Os (p. 137).

AFM images of the NH4OH-cleaned GaAs substrates (a) before and (b) after
receiving (NHy4),S-C4sHoOH(10%, 60 °C) chemical treatment, respectively (p.
138).

TEM image of the as-deposited Pt/ALD-Al,03(60 deposition cycles)/GaAs
MOS structure with (NH4),S-C4HyOH(10%, RT) chemical treatment (p. 138).
Multi-frequency C-V curves of Pt/Al,O3/n-GaAs capacitors (a) with different
wet-chemical procedures; (b) before and after 600 °C PDA. (c) Variations of
the frequency response of /AC and /\V values (p. 139).

(a) The |-V characteristics of Pt/Al,Os/n-GaAs capacitors with various

sulfidizing conditions (solid symbols) before and (open symbols) after 600 °C
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Chapter 6

Fig

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig

. 6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

.6.9

PDA in O, ambient, respectively. (b) Comparison of Jq versus CET or EOT
characteristics for our work with other’s published data [2], [6], [48]-[51] (p.

140).

Scheme of the depletion-mode GaAs n-MOSFET structure (p. 163).

|-V characteristics of p'n junctions activated at 500 °C, before and after
performing FGA. Inset: Weibull plot of the value of Jr at VR =—1 V (p. 163).
Effects of FGA at 300 °C on the (a) lgs—V,s and (b) lgs—Vgs characteristics of
ALD-Al,03/Ge p-FETs (W/L =100 pm/4 pm) (p. 164).

NBTI characteristics of ALD-Al,O3/Ge p-FETs prepared with and without
FGA at 300 °C (p. 165).

Effective hole mobility oftALD-Al,O5/Ge p-FETs plotted with respect to the
effective field; published mobility data are also presented [7], [33] (p. 165).
Effects of activation conditions and-SiO, leapping layer on the n'p junction
characteristics: (a) 500-700:°C;.30 s, without SiO,; (b) 600—700 °C, 30 s, with
Si0,; (c) 700 °C, 30-90 s, with SiO; (p. 166).

SIMS depth profiles of the P-implanted Ge junctions discussed in Fig. 5: (a)
500-700 °C, without SiO,; (b) 600-700 °C, with SiO,; (¢) 30-90 s, with and
without SiO,. Inset: Expanded image of the SIMS profile at the surface region
(<100 nm) (p. 167).

(a) Schematic representation of the contact and transport resistances between
two Al metal pads within the same P-implanted region. (b) Extraction of the
values of Rial, Ruan, and Reone under various activation conditions and SiO»
capping effects. The gray region labels are values equal to two times the
respective values of Reont (i.€., 2Rcont) (p. 168).
Characteristics of n'p junction currents normalized by the (a) diode area and (b)
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Fig. 6.10

Fig. 6.11

Fig. 6.12

Fig. 6.13

Fig. 6.14

diode perimeter. (c) Extraction of the perimeter leakage component J, as
functions of the activation conditions and SiO, capping effects. Inset:
Schematic representation of the two main leakage paths (J, and J,) at the S/D
contact region; Jo comprises the generation-recombination current (Jg;) and
diffusion current (Jqigr) (p. 169).

Effects of FGA at 300 °C on the (a) lgs—V,s and (b) 1¢s—Vys characteristics of
ALD-AL,0O3/Ge n-FETs (W/L = 100 pm/8.8 um) (p. 170).

Effective electron mobility of ALD-AI,O3/Ge n-FETs plotted with respect to
the effective field; published mobility data are also presented [33], [42], [43] (p.
171).

AES depth profiles of the Au/Ge/Ni S/D Ohmic contact (a) before and (b) after
400 °C for 1 min, respectively (p.'171).

TEM images of«(a) the D-mode (GaAs n-MOSFET structure; (b) alloyed
Ni/Ge/Au S/D Ohmic ¢ontact-after 400 °C for 1 min; (¢) AI/ALD-Al,O3/GaAs
channel, respectively'(p:+172).

(a) I&—Vg and (b) I;—V4 characteristics of the D-mode ALD-Al,O3/GaAs

n-MOSFET with (NH4),S-C4H9OH chemical treatment, respectively (p. 173).
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Chapter 1

Introduction and Research Motivation

1.1 Overview of Transistor Research Roadmap and Device

Scaling Issues

The rapid advancement of complementary metal oxide semiconductor (CMOS)
integrated circuit technologies during the past few decades has forced the Si-based
microelectronics industry to face several huge technological challenges and to test some
theoretical limits. R. Chau, Intel Corporation, has even demonstrated the scaling roadmap in
the progress of the Si MOS field-effect-transistors (FETS), as displayed in Fig. 1.1. It was
found that within the next two decades, the lateral dimensions of the transistor will approach
the physical limits and finally consist of only a few atoms. Accordingly, several device issues
emerged in the nanoscale MOSFETS; as the scheme presented in Fig. 1.2. The first issue is the
poor device electrostatics and we need to maintain the gate control ability within the channel.
One solution is the use of the double- and triple-gates to improve the electrostatics, but, it also
implies that the additional process challenges emerged in such new device architecture.
Second, the channel transport characteristic is also degraded, leading to the decrease of device
on-current (lon). Employment of new channel materials possessing the higher carrier mobility
and injection velocity is conceivable to solve this channel issue, even if these materials
possibly bring other integration issues in Si device platform. Third, it is expect that the impact
of the source/drain (S/D) resistance on the reduction of Iy, is an increasing importance with
the dimension scaling. It was suggested that the replacement of the ion implantation with the
in-situ doping in the S/D region, i.e., implantation-free S/D, or the use of metal Schottky S/D

is the possible solution to reduce the effect of the extrinsic resistance. The fourth and fifth



issues are an exponential increase in the gate leakage current of an ultra-thin SiO, and the
poly depletion effect, respectively. Even up to now, these two well-known issues are of
intense discussion. Of course, the adoption of the metal-gate/high-k dielectric stack is the
optimum solution to solve these two issues.

In fact, at the early stage of the 90-nm node, substrate engineering and uniaxial strain
technologies—e.g., pseudomorphic SiGe channels grown on the Si substrates for p-FETs [1]
and strained Si channels on the relaxed graded SiGe buffer layers for n-FETs [2]—have been
developed to enhance the carrier mobility in the channel. With further scaling down to the
45-nm node, high-k materials are also introduced as alternative gate dielectrics—in place of
ultra-thin conventional SiO, or oxynitrides—in light of leakage concerns and reliability issues.
Many novel device structures and materials are continuously proposed and explored eagerly
in an effort to alleviate the tremendous scaling ‘pressure required to improve device
performances. Various kinds of non-planar.tri-gate architectures, carbon nanotubes, nanowires,
and high-mobility materials catch an- increasing-attention in recent years. Among above
intense researches, the feasibility of integrating various prevailing high-k dielectrics with high
mobility substrates is of much interest due to the advanced progress in the development of
high-k dielectrics in Si-based MOSFET applications. Through the Table 1.1, we can compare
the material properties of bulk Si, Ge, GaAs, and InAs at 300 K [3]. As seen, since Ge
possesses the higher electron (3x) and hole (4x) mobilities than those in Si, therefore, Ge is
considered new potential candidate to be p- and n-channel materials for high-performance
logic devices. While GaAs and InAs, relative to Si, have the advantages of much higher
enhancements in electron mobility and velocity; in consequence, 111-V materials are suitable
to be n-channel MOSFET. Up to date, the promising device characteristics of Ge [4], [5],
(In)GaAs [6], and InSb [7] channels with either HfO, or Al,O3 high-k dielectrics have been
continually demonstrated, and their performance even surpassed the traditional Si transistors
at the sub-micro gate length [8]. Therefore, it is believed that the MOS capacitor and device

2



properties integrating various high-k dielectric materials onto Ge and GaAs substrates are
worthy to study in this dissertation. Accordingly, the device challenges and process
difficulties in use of the high-mobility channels/substrates are of importance to describe more

details. We will describe these subjects in the following Session 1.2.

1.2 Device and Process Challenges in High Mobility Substrates

As discussed in the previous section, great progress in the deposition of high-k materials
enables renewed interest in high-mobility substrates being as a transport channel in
combination with various high-k dielectrics. In other words, the first challenge is how to
realize the high interface quality between the deposited dielectric films and either Ge or I11-V
semiconductors. The absence of _thermodynamically stable insulators on these two
high-mobility substrates has probably become. the foremost bottleneck to them rivaling or
exceeding the properties of Si MOSFETs. This actually leads to the onset of high interfacial
state density (Di;), thereby causing.a Fermi level (Ef) pinning effect and casting some doubts
on the anticipated performance [9]. In fact, for the studies of the dielectric/Ill-V interface,
especially the (In)GaAs substrate, numerous efforts have been devoted for more than four
decades in intensively questing the competitive, high interface quality insulators and efficient
passivation methods, respectively. Except for SiO, and SisNg4, (Gd,Ga),0; and
atomic-layer-deposited (ALD) Al,O; [10], HfO, [11] high-k dielectrics are of particular
interest; meanwhile, the sulfur chemical treatment [12], and Si and Ge [13] as the interfacial
passivation layers are currently active approaches to protect the I11-V surface prior to the
dielectric deposition. Namely, Ge also requires the surface protection, like employing the
thermal annealing in NH3 [14] or SiH,4 [15] ambient, in order to reduce the value of the Dj; as

low as possible, e.g, <10 cm?eV™.



Another important subject is the fabrication of high-performance S/D junction in Ge and
111-V MOSFETs. At first, for the Ge p’n junction, fortunately, the boron is a highly activated
dopant without the need of higher annealing temperature (just in the range 450-550 °C), and
the retarded diffusion behavior of boron dopant is also observed [16]. However, almost the
opposed results are characterized in the corresponding np junction. Not only a higher thermal
budget (in the range 550-650 °C) is required during n-type dopant activation, but also more
rapid dopant diffusion (either out of the surface or into the substrate) and lower electrical
activation are generally observed [17], [18]. It has been reported previously that the amounts
of P dopant loss were ca. 40% and >60% after RTA at 500 and 600 °C, respectively [19]. The
resultant surface concentration also influenced the variation of the contact resistance [20].
Therefore, how to obtain the n*p shallow junction having an acceptable leakage current is
critical to obtaining high-performance Gen-FETs. It should be noted that the feature of small
bandgap in Ge and other I1I-V materials (except GaAs) is likely to give rise to high
band-to-band tunneling (BTBT) leakage cunrent-and-hence large static power dissipation.

On the other hand, the 111-V junction diodes have been widely investigated because of
the optoelectronic applications, but, we still need to consider two essential issues in
fabricating the 111-V n*p junction for the n-FET application. One is that the dopant activation
temperature, in general, is also higher, e.g, in the range 750-850 °C for (In)GaAs-based
materials, which in turn possibly degrades the characteristic of the dielectric/lll-V interface.
Another is 111-V materials that usually possess the lower values of solid solubility of n-type
dopants and the density of states (DOS), as shown in Table 1.1. For example, in GaAs the
maximum Si solubility and the DOS are merely (4-6) x 10" and 4.7 x 10*" cm™®, respectively,
which are ca. 1.5 and 2 orders of magnitude lower than those in Si. In consequence, these
inherent material issues certainly contribute the more S/D resistance in device and hence limit
the maximum I, acting the obstacle in outperforming the Si device performance of deep

sub-100nm region [21].



Other device issues and process difficulties, like the work function of gate metals, the
metal germanide technology in S/D, wet-chemical cleaning processes, and wet/dry etching,
are still significant. Most importantly, the subject of heterogeneous integration of these Ge
and I11-V materials onto the traditional Si platform, i.e., the heteroepitaxy technique, will be

quite critical in developing these oncoming nanoscale CMOS technologies.

1.3 Scope and Organization of the Thesis

Two promising high-mobility substrate materials, Ge and GaAs, are investigated in this
dissertation. We devoted our efforts to the effects of wet-chemical clean, surface passivation,
and thermal processing on the physical and electrical properties of various alternative high-k
gate dielectrics on these two substrates. This dissertation is divided into seven chapters and
organized as follows:

In Chapter 1, a brief overview of the background and motivation is described. We
reviewed the MOSFET scaling roadmap and the possible challenges emerged in the nanoscale
devices. Next, we discussed the significance of high mobility substrates in further application
of the advanced CMOS technologies; meanwhile, the process difficulties and material issues
in the accomplishment of the Ge and GaAs I11-V devices were brought up.

In Chapter 2, we performed the physical and electrical analyses to systematically
examine the HfOxNy thin films sputtered on Ge substrates and the admittance properties of
their MIS capacitors. Both the NH;3; plasma treatment and Si,Hg thermal annealing are
proposed in an attempt to improve the properties of HfOxNy high-k films on Ge substrates.
We observed that not only the out-diffusion of Ge substrate and charge trapping phenomenon
of entire HfOxN,/Ge gate stack are relieved, but also the thermal stability is enhanced after
these two passivation methods.

In Chapter 3, we investigated the structural and electrical properties of Al,O3 thin films



grown through ALD system on Ge substrates. It was observed that variation of the substrate
temperature strongly influenced the Al,O; film qualities on Ge, including the density,
stoichiometry, and the degree of the Al,03-GeO, intermixing. Such a temperature effect on
the interface, capacitor, and gate leakage characteristics of the Al,O3/Ge structures is
examined as well. Furthermore, we explored the minority-carrier response behavior of Ge
MOS capacitors through MEDICI simulations and device experiments, and further compare
their electrical differences with those in traditional Si MOS capacitors.

In Chapter 4, we modified the wet-chemical clean and (NH,),S sulfidizing treatment on
GaAs substrate and characterized the effects of the surface modification on the interfacial and
electrical improvements of the e-gun evaporated Gd,O3/GaAs MOS capacitors. In addition,
we further compared the gate leakage characteristics of the fabricated Gd,O3/GaAs structures
to the reported performance of various high-k dielectric:materials on GaAs substrates.

In Chapter 5, the deposition of-ALD-Al;O3 gate dielectrics on GaAs substrates was
studied. Next, the impact of interfacial. (NH4).S- treatment integrating with different
sulfidizing solvents was investigated through-analyses of the surface chemistry and capacitor
characteristics of the Al,O3/GaAs structure. In the following, we performed the
post-deposition annealing in O, and N, ambient to understand the changes of the structural
and electrical properties; the differences were clarified in terms of identifying the underlying
thermochemical mechanisms.

In Chapter 6, both the inversion-mode Ge p- and n-MOSFETs and the depletion-mode
GaAs n-MOSFET with the ALD-AI,O3 gate dielectrics were fabricated. Herein, we studied
effects of the forming gas annealing on the Ge junction and device properties; the correlation
between the n-type dopant activation and the origins of n*p junction leakage and source/drain
resistance is also analyzed in more details. On the other hand, the transfer and output
characteristics of ALD-Al,03/GaAs n-MOSFET were demonstrated and we employed the
(NH,4),S-C4HgOH chemical passivation to improve the GaAs device performance further.
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In Chapter 7, we summarized the experimental results in the thesis and gave the

conclusions and the suggestions for future studies.
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Table. 1.1 Material properties of Si, Ge, GaAs, and InAs at 300 K.
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Chapter 2

Sputtered HfO,N, Dielectric Films on Bulk Ge Substrates

2.1 Introduction

Recently, Ge-channel devices—including bulk Ge [1], [2], strained Ge [3], and
Ge-on-insulator (GOI) [4] systems—integrated with high-k gate dielectrics have attracted
considerable research interest. Although transistors were originally fabricated on Ge
substrates, the lack of a stable Ge native oxide has been an obstacle in complementary
metal-oxide-semiconductor (CMOS) device realization with Ge. Therefore, silicon has been
used in CMOS technology for many decades because of the better qualities of its native oxide,
such as a low leakage current, low interface state density, and good thermal stability. With the
further scaling of device and gate oxide dimensions down to the nanometer range, however,
the leakage current density in Si®, has become much higher than 2 mA/cm?, which is the
maximum concession for low power applications [5]. Consequently, higher dielectric-constant
materials with a thicker physical thickness are introduced to suppress the concern of excessive
gate leakage while maintaining the equivalent-oxide-thickness (EOT) of the scaled devices.

Presently, hafnium-based oxides or oxynitrides, e.g., HfO,, HfON, and HfSiON, are the
uppermost candidates for application among all of the potential high-£ dielectrics. Both Si and
SiGe MOSFETs integrated with Hf-based gate dielectrics exhibit admirable properties [6]-[8],
but they also reveal undesirable surface carrier mobility degradation behavior [9], [10].
Changing the substrate from Si to Ge might be a possible solution to this problem because Ge
has a higher carrier mobility relative to that of Si. From recent advances in the deposition of
high-k£ materials, Ge MOSFETSs incorporating high-£ gate dielectrics have exhibited some

promising performance [11], [12]. In this session, we investigated the physical and electrical
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characteristics of HfOxNy sputtered films on bulk Ge substrates and then determined the
impact of thermal annealing processing on the entire capacitor structure. Meanwhile, recent
reports have described that annealing a cleaned Ge substrate in a NH3 [13] or SiH,4 [14] gas
ambient, prior to deposition of a high-£ dielectric, further improves the MOS properties on Ge.
Here, we proposed the NH3 plasma pretreatment to passivate a Ge substrate and investigated
the passivation efficiency. Actually, the overall MOS structures had higher thermal stability
and showed the improved electrical characteristics. On the other hand, we also speculate that
the incorporation of nitrogen atoms may lead to incomplete passivation of the dangling bonds
on the Ge surface; such a surface would not fully inhibit the growth of GeOy because of the
lower thermal stability of Ge—N bonds [15]. Therefore, we also attempted to adopt the Si,Hg
passivation onto Ge surfaces, in which several monolayers of Si exist between the gate
dielectric and Ge substrate, for inhibiting-the formation-of GeOy and suppressing hysteresis
phenomena in high-k/Ge MOS capacitors; we also presented an energy band diagram to

explain the charge trapping model.

2.2 Experimental Procedures

N-type Ge substrates, which were doped with Sb dopant at a concentration of ca. 1 x
10" em™ (resistivity ~ 8-12 (2-cm), were precleaned through a cyclic rinse involving a
diluted HF dip and deionized water. After wet cleaning, the NH3 plasma exposure on the Ge
surface of some samples was performed in the plasma-enhanced chemical vapor deposition
(PECVD). HfOxNy thin films were subsequently deposited through reactive sputtering in a
Ar+N, ambient with a pure Hf target, followed by annealing in a N, atmosphere containing
residual oxygen. In an attempt to suppress any additional oxidation, which can help to
minimize the thickness of interfacial layer (IL), the post-deposition annealing (PDA) was

performed in an N, ambient rather than an O, ambient to convert HfN into HfOxNy. Various
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PDA temperatures (500 and 600 °C) and durations (30 s and 5 min) were employed. Next, a
platinum (Pt) dot was deposited using electron beam evaporation through a shadow mask. For
evaluating the thermal stability of the Pt/high-k/Ge structures, the post-metallization annealing
(PMA) with the same temperature conditions were performed.

For experiments of the ultrathin Si capping, the cleaned Ge substrates underwent thermal
desorption at 550 °C for 10 min through ultrahigh-vacuum chemical vapor deposition
(UHVCVD) to remove the native GeOy, followed by in situ passivation of a Si capping layer
upon annealing under a SipHs ambient at the same substrate temperature; the
thicknesses—evaluated using  angle-resolved  x-ray  photoelectron  spectroscopy
(AR-XPS)—were ca. 8 A and ca. 13 A for annealing duration of 1 and 2 min, respectively.
After the following deposition of high-k£ film and metallization process, the Pt/HfOxN,/Ge
MOS capacitor structure can be obtained.

Transmission electron micrascopy (TEM)-and. secondary ion mass spectroscopy (SIMS)
were employed to investigate the entire structure and Ge incorporation behavior after these
two pretreatments, respectively. In addition, we carried out ex-situ XPS measurements using
an Al Ka source (1486.6 eV) to examine the effects of surface plasma nitridation on the
dielectric-substrate interface and evaluate the Ge contamination level within the top high-k
films. In electrical characterization, the capacitance—voltage (C—V) and conductance—voltage
(G-V) curves were measured using an HP4284 LCR meter, while the current-voltage (/-V)
characteristics were measured using a Keithley 4200 semiconductor analyzer system. We
further extracted the series resistance and external inductance or capacitance in measurements
and then applied as a correction to the measured capacitance and conductance [16], [17]. The
value of the effective trapped charge density (Ner) was determined quantitatively by
measuring the hysteresis width at flat-band voltage (Veg) in the bidirectional C—V sweeps [18].
The interface state density (Dj;) was estimated from both high-low frequency capacitance
method [19] and the G-V characteristics using Hill’s method [20].
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2.3 Effects of Postdeposition Annealing and NH; Plasma

Pretreatment

2.3.1 Structure and Composition Analyses

Figure 2.1 shows cross-sectional TEM image of as-deposited Pt/HfOxN,/Ge structure.
We characterized that the thicknesses of the HfOxNy bulk film and the IL were ca. 73 A and ca.
19 A, respectively. When HfOxN,/Ge system undergoes high-temperature process, of primary
interest is the resultant germanium diffusion in the overlying HfOxNy films. As the SIMS
depth profiles illustrated in Fig. 2.2, we observed a large Hf tail—a known SIMS artifact—at
the end of the HfOxNy layer, and ion yield enhancements of both Ge and Hf at the beginning
of the Ge substrate. Discarding these artificial phenomena, a U-shaped distribution of Ge did
exist inside the overlying HfOxNy layer."From the concentration levels, we suggest that the
higher thermal annealing indeed enhanced: the ‘incorporation of Ge, relative to the
concentration in low-temperature processed sample. Assuming that the composition is the
mixture of HfO,N, and GeOxN,, we evaluated the amount of incorporated Ge quantitatively
through XPS measurements because of the lack of sputtering yield information for Ge in the
HfON, layer. Considering the respective atomic sensitivity factors of the Ge 2p3, Hf 4f, O 1s,
and N 1s core levels, we estimated an average Ge concentration of ca. 12(x1.4) at.% in their
overlying high-k layers for the 400 °C-processed sample, with the values increasing to ca.
19.3(x2) at.% after 500 °C PDA for 5 min. Such a low-temperature annealing has led to
severe Ge incorporation into the HfOxNy dielectric film. Note that the maximum sampling
depth is ca. 45 A in Ge 2p3 spectrum, and it exactly involves in a U-shaped distribution of Ge
within the high-k films, therefore, we use an average value for evaluating the Ge

contamination. These Ge atoms are incorporated in the form of GeOy through both external
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and internal contamination mechanisms. A higher surface concentration of Ge oxide in the
SIMS analyses has been identified as arising from gaseous GeO species diffusing out from the
substrate and downward into the high-k layer via airborne transportation; the contamination
depth has been estimated to be ca. 20 A—at least for high-k thin films deposited on Ge
substrates [21]. This kind of surface contamination, however, can be further suppressed by
capping a thick SiO, layer onto the back side of the Ge substrate prior to performing the
annealing process. In addition, bulk contamination of GeOy may result from the desorption of
a defective GeOy-containing IL and/or the oxidation of the Ge substrate due to residual

oxygen existing in a N, ambient [22].

2.3.2  Capacitance and Conductance Characteristics

Figure 2.3 displays multi-frequencys C-¥#. characteristics of Pt/HfO.N,/Ge capacitors
before and after performing the 500 °C PDAand PMA, respectively. It should be pointed out
that the sweep direction in all of the-curves-presented here is from strong accumulation to
strong inversion and they seem not to reach fully saturation in the accumulation regimes. This
phenomenon can be reasonably understood in term of fast detrapping of the trapped charges
during the C-JV sweep; on the contrary, when the voltage is swept from inversion to
accumulation, the normal saturation behavior in C—V curves can be seen, as the results shown
in Fig. 6. Here, we extracted the capacitance-equivalent-thickness (CET) at a value of V; of
+2 V in the C—¥ curves was ca. 28 A for as-deposited sample; it decreased to ca. 27 A and ca.
26 A after PDA and PMA, respectively. Extending the annealing duration to 5 min leads to
further CET reduction of ca. 23 A (not shown here), and it partly arises from the shrinkage of
the IL [22] due to the fact that Ge does not prefer to form the germinate HfGeO, [23],
[24]—unlike Si, which readily forms HfSiOs,—through reaction with Hf. In addition, we

observed that the C—V stretch-out behavior with the hump emerged in depletion for all
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samples, indicating the existence of a large density of interface states at the dielectric interface.
Considering the frequency dependence of the interface properties, the deviation of the 10 kHz
curve with respect to the 1 MHz curve was obviously abated by performing subsequent
annealing processes. In particular, the PMA-processed sample revealed a deeper “dip” in
depletion, indicative of its improved interface quality. The quantitative analyses of the Dy
showed that the as-deposited HfO,N,/Ge gate stack revealed a large value of Dj of ca. 8 x
10" cm™?eV " and it reduced to the value of Dj of ca. 3.5 x 10* and ca. 1.4 x 10" cm2eV™*
for the PDA and PMA samples, respectively. Interface traps and dangling-bond defects
existing in near-interfacial Ge oxide or Ge oxynitride have been characterized in HfO,/Ge
system [25]. Recently, C. O. Chui et al. also examined that the level of Dj; was quite high and
still on the order of 10" cm™?eV™" for GeOsN,/Ge gate stack even though receiving
forming-gas anneal (FGA) [26]. As a result, we believe that a higher value of D;; presented at
the HfOxN,/Ge interface should be associated with poor guality of the defective GeOy IL.
Figure 2.4 presents the corresponding-G-V_curves of Pt/HfOxN,/Ge gate stacks
measured at 100 kHz; the result of Pt/HfOxNy/Si contral-sample is also shown for comparison.
The G-V traces obviously exhibit an interface loss peak, corresponding to the hump observed
in C—V depletion. The PMA process reduced the conductance peak that emerged in the G-V
curve of the as-deposited sample to a greater extent than did the PDA process, which is
consistent with the examination of Dj.. Another noteworthy feature is that we measured a high
value of conductance in inversion and it displayed gate-bias independence; this finding is rare
for traditional Si MOS capacitors [27]. Generally, the equivalent parallel conductance passes
through a peak in weak inversion and drops immediately to a very low value in strong
inversion; in other words, an exponential decline of the conductance values should occur, like
Si case shown here. In contrast, we observed gate-bias-independent conductance in inversion
in our case, suggesting that the minority carriers in the Ge substrate, formed either through the
generation/recombination via midgap trap levels or through a diffusion mechanism—do
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indeed contribute an energy loss in inversion and compete with interface-state loss in
depletion [28]. Y. Fukuda ef al. have investigated the GeOyN,/Ge interface properties through
the conductance method [29] and they also simultaneously explored the identical inversion
conductance [30]. We have observed the anomalous G-V characteristics on low-doped (~10**
cm™) Ge substrate for both types; this behavior can be minimized by increasing dopant
concentration. C. O. Chui et al. characterized the gate-bias-independent conductance in
inversion for MOS capacitors with GeOxNy dielectric thin film on n-type (ca. 10'° em™) Ge
substrate, but not on p-type (ca. 5 x 10" cm™) Ge substrate [26]. We suggest that the onset of
this strange behavior in Ge capacitor is strongly dependent on the substrate doping level
because this in turn determines the amount of minority carrier and corresponding response
time. Moreover, we noticed that the measured capacitance and conductance rose after
different thermal processes, which are a typical characteristic of the increased number of bulk
traps, presumably caused by impurity atoms introduced during high-temperature annealing.
These induced bulky defects in Ge, with-energy-levels near the midgap, not only contribute to
greater bulk trap loss but also enhance-the supply- of minority carriers to the inversion layer,
incurring the low-frequency-like behavior in the 10-kHz C-V curves. We suggest that both
thermal mechanisms are significant in Ge because of a large intrinsic carrier concentration (ca.
2 x 10" cm™) since they obviously affect the room-temperature C—V characteristics measured

at high frequencies—even as high as 1 MHz [31].

2.3.3 Flatband Voltage Shift and Gate Leakage Characteristics

As indicated in Fig. 2.5, we examine the variation of the Vgg shift (the left-hand axis)
and the gate leakage current Jy (the right-hand axis) with respect to the annealing temperature.
It can be seen that the value of Vg for the as-deposited sample (ca. 0.35 V) is lower than the

value of the ideal work-function difference (ca. 0.9 eV) between a Pt gate and n-Ge substrate,
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implying that a substantial number of positive charges have been introduced into the gate
dielectric/IL bi-layer. High temperature annealing caused the positive shift of the Vg and
increased the J, considerably to 1 x 10° A/cm® at (Ves + 1) V after 600 °C PDA; these
behaviors are possibly correlated with the degree of GeO volatilization. As far as the positive
Veg shift after thermal annealing is concerned, the desorption process of GeO is believed to
generate additional negative charges and leads to charge neutralization. W. P. Bai et al. have
examined that an increase of PMA temperature made the value of Vgg shift positively and they
interpreted this phenomenon in terms of the out-diffusion of GeOy from Ge substrate [32].
Another result demonstrated further by N. Wu et a/. was that the thicker the Si layer capping
onto Ge substrate is, the smaller the amount of Ge out-diffusion is. Accordingly, a less
positive Vg shift was found owing to the reduction of these negative charges [33].
Furthermore, more severe out-diffusion- of GeO was seen upon increasing annealing
temperature; this in turn caused the high-A/Ge interface degradation [23]. This tendency is
obviously different from that observed in. the Pt/HfO.Ny/Si capacitors which depict the
reduction in Jy upon increasing PDA' temperature. We thus suggest that the GeOx
incorporation into the overlying HfOxNy bulk film may form the leakage path and contribute

to gate leakage current, especially after annealing at 600 °C.

2.3.4 Influence of NHz Plasma Passivation

Most studies have demonstrated that the gate leakage current in high-k/Ge systems
decreases significantly after receiving surface thermal-annealing in a NH3 ambient, especially
prior to the deposition of HfO, dielectric films [34]. We observed similar effects after NH;
plasma, as presented in the inset of Fig. 2.6. The gate leakage was lower after
higher-temperature PDA for the NHs-treated sample relative to that of the HF-last sample.

Moreover, plasma treatment reduced the hysteresis loop in the bidirectional C-J curves
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measured at 1 MHz (Fig. 2.6); reduction of the interface state density to the order of 10"
cm eV was also achieved. We obtained a corresponding value of Nt of ca. 4.8 x 10'2 cm™
for HF-last sample and it decreased to ca. 2.5 x 10" cm™ after surface nitridation. It was
believed that sub-stoichiometric oxide may create a high-density of charge-trapping sites at
the dielectric-substrate and they could induce charge trapping and detrapping. The formation
of Ge-N chemical bonds and the inhibited growth of GeO, (x = 2) may be responsible for
the resulting improved electrical performance. The interposed GeOsN, IL may behave as a
diffusion barrier and suppress the volatilization of GeO out-diffusion from Ge substrate;
therefore, causing a less significant increase in Jq after NH3 plasma pretreatment.

On the other hand, in order to obtain a deeper insight into the origin of the hysteresis
behavior, we separately extended the inversion and accumulation biases in the C—V sweeps
and found that the increased inversion bias did lead to an increased hysteresis width, but the
increased accumulation bias did- not, as is" evident'in Fig. 2.7. This fact implies that hole
trapping is the dominant mechanism; the _scheme of a charge trapping model for a
Pt/HfO,N,/GeO,/Ge gate stack has been proposed-in other studies [35]. We conclude that the
minority carriers (in this case, holes for n-type Ge) tunnel from the Ge substrate and become
trapped at the inner-interface and/or inside the deficient GeO, interlayer. This process causes
the C-V curve to shift negatively with the deviation of the Vgg when the sweeping bias is
started further from the negative side, i.e, more inversion charges are trapped. In contrast, the
C-V curve exhibits its own value of Veg without being trapped when the voltage is swept

from accumulation to inversion.

2.3.5 HfO«Ny/Ge Interface Chemistry

In Fig. 2.8 and Fig. 2.9 we investigate the distribution of GeO species in entire structures

through analyses of the Ge 2p3 and Ge 3p core levels—a broad band consisting of Ge
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dioxides and suboxides and elemental Ge. We compared the spectra of these two Ge
photoemissions because they allow sampling at significantly different depths. We employed
mixed Gaussian-Lorentzian line shapes to reproduce these two Ge core levels from three
components—Ge, GeO, and GeO,. From the high-surface-sensitivity Ge 2p3 spectrum (Fig.
2.8), a quite high intensity ratio of the GeO, and GeO to the Ge substrate was found for both
samples; this feature arose primarily from the surface contamination of GeOx (X = 2). The
average Ge concentration estimated within the top of high-k bulk layer is ca. 12(+1.4) at.% for
HF-last sample; with the value can be reduced to ca. 4.8 at.% providing that the Ge substrate
receives surface pretreatment of NH3 plasma. Subsequently annealing the NH3 sample at 600
°C for 30 s causes the Ge concentration increasing to the value of ca. 14 at.%. From the
concentration levels, we found that NH3 pretreatment did assist to minimize Ge incorporation
behavior during annealing with respect to the result obtained in HF-last sample that the Ge
contamination was up to ca. 19.3(x2) at.% after annealing at 500 °C for 5 min. However, we
suggest that the finite improvements in-characteristics-of NHs-treatment samples as compared
to the literatures [14], [33] using another passivation technique—the Si interlayer on Ge—can
be attributed to the incomplete passivation of the dangling bonds on the Ge surface; such a
surface would not fully diminish the formation of GeOy. Lower dissociated temperature (ca.
500 °C) of Ge-N bonds [15] is a major cause to result in a still higher concentration of Ge
observed after high-temperature processing.

In contrast, the Ge 3p spectrum (Fig. 2.9) clearly demonstrated that the intensity from
the GeOyx (X = 2) was lower than that from the substrate after NH3; plasma nitridation,
especially for inhibiting a large amount of Ge suboxides; these phenomena are the opposite of
that observed for the non-nitrided high-k/Ge sample. Our explanation for this experimental
finding is that the Ge 3p core level is capable of examining the amount of Ge oxide existing at
the high-4/Ge interface since it possesses a higher sampling depth (ca. 80 A) relative to that
(ca. 34 A) of the Ge 2p3 spectrum [36]. Accordingly, such a low oxide/substrate emission
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ratio after performing the nitridation process is a direct result of NH; plasma pretreatment
diminishing the number of GeOx (x = 2) defects at the interface; in other words, the reduced

charge trapping centers is achieved. These results also imply that surface nitridation does

indeed assist in enhancing the thermal stabilities of Pt/HfOxN,/Ge MOS structures.

2.4 Passivation of Ultrathin Si Capping Layer

2.4.1 Composition and Interfacial Physical Analyses

Figure 2.10 displays the SIMS depth profiles of the chemical species present in the
HfO,Ny films on the Ge substrates (a) in the absence and (b) presence of the Si capping layer.
We estimate that the overall thicknesses of the bulk HfO,Ny and IL were ca. 90 A and >100 A
before and after Si passivation, ‘respectively;:theprobable chemical composition is also
identified. An important feature-of'the HFOxNy layer-was that the distribution profile of Ge
was U-shaped; the subsequent PDA process-enhanced the incorporation behavior, provided
that Si,Hg passivation was not performed. The amount of incorporated Ge was reduced ca.
fourfold after capping with the ca. 8-A-thick Si layer; further retardation of Ge chemical
species into the overlying high-£ dielectric was achieved after subsequent annealing under the
same conditions. This finding provides strong evidence that employing a Si capping layer on a
Ge substrate improves the thermal stability of HFOxN,/Ge gate stacks.

Figure 2.11(a) displays the Si 2p and Ge 2p core-level XPS spectra of the Ge substrate
having the Si capping layer both before and after deposition of Pt/HfO,N, bi-layers. Prior to
deposition, two well-resolved peaks—originating from the signals of the Si capping layer and
the Ge substrate, respectively—appeared in corresponding core-level spectra; i.e., the native
oxide was absent. After completing the entire MIS fabrication process, most of the Si atoms

had transformed into Si dioxide and Hf-silicate, with some nitrogen-related bonds formed,
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meanwhile, GeOy (x = 2) emerged at the top surface and also in the bulk of the high-4 layer.
Next, in Fig. 2.11(b), we compared the relative intensities of the Ge 2p levels of the four
SIMS samples investigated in Figs. 2.10(a) and 2.10(b), respectively; because of the lack of
sputtering yield information for Ge in the HfO,N, layer, we performed XPS analyses to
evaluate the amounts of incorporated Ge. We estimate Ge concentrations of ca. 13% and ca.
4.3% for the non-annealed samples lacking and containing the Si capping layer, respectively,
with these values increasing to ca. 19.6% and ca. 6.1%, respectively, after dielectric annealing.
The non-annealed high-£ dielectric sample lacking the surface passivation layer exhibited a
severe degree of Ge diffusion into the top HfON, film even when post-metallization
annealing (PMA) was performed at only 400 °C. Because the Ge 2p core level displays higher
surface sensitivity [36], the GeOy species detected in the Ge 2p spectrum arose possibly
through one of two incorporation mechanisms: (a) out-diffusion of gaseous GeO species from
the substrate and downward into the-high-% layer through- airborne transportation [21]; (b)
GeO volatilization from the IL and top surface-of the Ge substrate. From the viewpoint that
the same GeO desorption rate would be:expected for mechanism (a), it is reasonable to
attribute the obvious increase in the GeOy intensity of the sample lacking the Si capping layer,

with respect to that of the sample containing one, to contamination of GeO in the bulk of the

high-k layer; this hypothesis is in agreement with the SIMS data.

2.4.2  Capacitance Characteristics and Charge Trapping Model

Figure 2.12 displays the bidirectional sweep (1 MHz) C-V curves of the Pt/HfO,N,/Ge
gate stacks lacking and containing Si capping layers. We found that increasing the capping
layer thickness suppressed the hysteresis width dramatically; its value reduced to ca. 20 mV
upon increasing the thickness of the Si capping layer to ca. 13 A. This tendency is quite

consistent with the recent results reported by N. Wu et al [33]. Moreover, the Vgg returned to
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the work-function difference of ca. 0.8 eV between the Pt gate and the n-Ge substrate or
undoped Si layer, indicating that the addition of the Si capping layer also eliminated the fixed
positive charges in the gate dielectric. Our explanation for these phenomena is that it is more
likely that SiOx and its silicate will form, rather than GeOy, after deposition and annealing
when the Si capping layer is present because Si—O bonds have larger Gibbs free energies and
higher thermodynamical stabilities [37]. Therefore, the formation of GeO at the interface and
its out-diffusion are suppressed significantly upon increasing the thickness of the Si layer.
Also, we believe that the exacerbated hysteresis width might be due to the high-density of
charge-trapping sites at the high-k/GeOy interface and/or within the defective GeOy IL. We
found that the increased inversion bias did lead to an increased hysteresis width, but the
increased accumulation bias did not (not shown), implying that the hole trapping mechanism
was dominant. Fig. 2.13 displays our proposed charge trapping model for the
Pt/HfO,N,/GeO,/Ge gate stack; the energy bandgaps of each material and their corresponding
electron affinities are literature data [38]-[41].-As seen in Fig. 2.13(a), the minority carriers
(in this case, holes for n-type Ge) tunnel from the Ge substrate and become trapped at the
inner-interface and/or within the deficient GeO, interlayer. This phenomenon causes the C—V
curve to shift negatively, and the value of Vg to deviate, when the voltage was swept further
toward the negative side. In contrast, the C—J" curve exhibited its own value of Vgg without
being trapped when the voltage was swept from accumulation to inversion. These results were
further confirmed by the larger gate leakage current observed in the accumulation regime,
with respect to that in the inversion regime, because of the higher probability of
Fowler-Nordheim (F-N) tunneling and thermionic emission occurring, as indicated in Fig.

2.13(b).

25



2.5 Conclusions

In Chapter 2, we first studied the thermal stability of the as-deposited HfOxNy thin films
on the Ge substrate by employing rapid thermal annealing. After undergoing high temperature
processing, we observed several interesting physical and electrical features presented in the
HfOxN,/Ge system, including a large Ge out-diffusion (> 15 at.%) into high-£ films, positive
Ves shift, severe charge trapping, and increased leakage current. These phenomena are closely
related to the existence of GeOy defective layer and the degree of resultant GeO volatilization.
We abated these undesirable effects, especially for reducing the amount of Ge incorporation
(< 5 at.%) and the sub-stoichiometric oxide at dielectric-substrate interface, through
performing NH; plasma pretreatment on the Ge surface. These improvements can be
interpreted in terms of a surface nitridation-process that enhanced the thermal stability of the
high-k/Ge interface. Moreover, we also-adopted:the StzHg thermal pretreatment to relieve Ge
out-diffusion in HfFOxN,/Ge capacitors. It was found that capping an ultrathin Si layer onto a
Ge substrate retarded GeO volatilization and suppressed oxide charge trapping in the MIS
structures and, thus, enhanced the thermal stabilities of entire HfOxN,/Ge MIS structures. We
provide herein a schematic energy band diagram to explain the resultant charge trapping

behavior in these systems.

26



References (Chapter 2)

[1] R. Li, S. J. Lee, H. B. Yao, D. Z. Chi, M. B. Yu, and D. L. Kwong, “Pt-germanide
Schottky source/drain germanium p-MOSFET with HfO, gate dielectric and TaN gate
electrode,” IEEE Electron Device Lett., vol. 27, p. 476, 2006.

[2] Y.-L. Chao and J. C. S. Woo, “Reduction of parasitic resistance of self-aligned copper
germanide for germanium p-MOSFETS,” Ext. Abst. Int. Conf. on Solid State Devices and
Materials (SSDM), p. 1052, 2006.

[3] A. Ritenour, S. Yu, M. L. Lee, N. Lu, W. Bai, A. Pitera, E. A. Fitzgerald, D. L. Kwong,
and D. A. Antoniadis, “Epitaxial strained germanium p-MOSFETs with HfO, gate
dielectric and TaN gate electrode,” Tech. Dig. Int. Electron Devices Meet., p. 433, 2003.

[4] C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho, M.-F. Li, and D. L.
Kwong, “Very low defects and high performance Ge-on-insulator p-MOSFETs with Al,O3
gate dielectrics,” Tech. Dig. VLSLSymp., p..119, 2003.

[5] The International Technology Roadmap for-Semiconductors (ITRS), http://public.itrs.net,

2004.

[6] O. Weber, F. Andrieu, M. Cass, T. Ernst, J. Mitard, F. Ducroquet, J.-F. Damlencourt, J.-M.
Harmann, D. Lafond, A.-M. Papon, L. Militaru, L. Thevenod, K. Romanjek, C. Leroux, F.
Martin, B. Guillaumot, G. Ghibaudo, and S. Deleonibus, “Experimental determination of
mobility scattering mechanisms in Si/HfO,/TiN and SiGe:C/HfO,/TiN surface channel n-
and p-MOSFETSs,” Tech. Dig. Int. Electron Devices Meet., p. 867, 2004.

[7] C. S. Kang, H.-J. Cho, K. Onishi, R. Choi, R. Nieh, S. Gopalan, S. Krishnan, and J. C. Lee,
“Improved thermal stability and device performance of ultra-thin (EOT<10 A) gate
dielectric MOSFETSs by using hafnium oxynitride (HfOxNy),” Tech. Dig. VLSI Symp., p.
146, 2002.

[8] H. C.-H. Wang, C.-W. Tsai, S.-J. Chen, C.-T. Chan, H.-J.Lin, Y. Lin, H.-J. Tao, S.-C.
Chen, C. H. Diaz, T. Ong, A. S. Oates, M.-S. Liang, and M.-H. Chi, “Reliability of

27



HfSION as gate dielectric for advanced CMOS technology,” Tech. Dig. VLSI Symp., p.
170, 2005.

[9] A. L. P. Rotondaro, M. R. Visokay, J. J. Chambers, A. Shanware, R. Khamankar, H. Bu,
R. T. Laaksonen, L. Tsung, M. Douglas, R. Kuan, M. J. Bevan, T. Grider, J. Mcpherson,
L. Colombo, “Advanced CMOS transistors with a novel HfSION gate dielectric,” Tech.
Dig. VLSI Symp., p. 148, 2002.

[10] T. Yamaguchi, R. lijima, T. Ino, A. Nishitama, H. Satake, and N. Fukushima, “Additional
scattering effects for mobility degradation in Hf-silicate gate MISFETS,” Tech. Dig. Int.
Electron Devices Meet., p. 621, 2002.

[11] M. Houssa, T. Conard, F. Bellenger, G. Mavrou, Y. Panayiotatos, A. Sotiropoulos, A.
Dimoulas, M. Meuris, M. Caymax, and M. M. Heynsa, “Electrical properties of
atomic-beam deposited GeO;.xNx/HfO, gate stacks.on Ge,” J. Electrochem. Soc., vol.
153, p. G1112, 2006.

[12] S. Zhu, R. Li, S. J. Lee, M. F. Li; A. Du; J._Singh, C.-Zhu, A. Chin, and D. L. Kwong,
“Germanium pMOSFETs with Schottky-barrier:germanide S/D, high-k gate dielectric
and metal gate,” IEEE Electron Device Lett., vol. 26, p. 81, 2005.

[13] N. Lu, W. Bai, A. Ramirez, C. Mouli, A. Ritenour, M. L. Lee, D. Antoniadis, and D. L.
Kwong, “Ge diffusion in Ge metal oxide semiconductor with chemical vapor deposition
HfO, dielectric,” Appl. Phys. Lett., vol. 87, p. 051922, 2005.

[14] N. Wu, Q. Zhang, C. Zhu, D. S. H. Chan, A. Du, N. Balasubramanian, M. F. Li, A. Chin,
and J. K. O. Sin, “A TaN-HfO,-Ge pMOSFET with novel SiH,4 surface passivation,”
IEEE Electron Device Lett., vol. 25, p. 631, 2004.

[15] K. Prabhakaran and T. Ogino, “Selective bond-breaking and bond-making in oxynitride
of Si and Ge: a case of chemical bond manipulation,” Surf. Sci., vol. 387, p. L1068,
1997.

[16] W. H. Wu, B. Y. Tsui, Y. P. Huang, F. C. Hsieh, M. C. Chen, Y. T. Hou, Y. Jin, H. J. Tao, S.

28



C. Chen, and M. S. Liang, “Two-frequency C-V correction using five-element circuit
model for high-k gate dielectric and ultrathin oxide,” IEEE Electron Device Lett., vol. 27,
p. 399, 2006.

[17] H.-T. Lue, C.-Y. Liu, and T.-Y. Tseng, “An improved two-frequency method of
capacitance measurement for SrTiO3; as high-k gate dielectric,” IEEE Electron Device
Lett., vol. 23, p. 553, 2002.

[18] M.-K. Lee, C.-F. Yen, J.-J. Huang, and S.-H. Lin, “Electrical characteristics of
postmetallization-annealed MOCVD-TiO; films on ammonium sulfide-treated GaAs,” J.
Electrochem. Soc., vol. 153, p. F266, 2006.

[19] D. K. Schroder, Semiconductor Material and Device Characterization, 2nd ed., pp.
368-378, John Wiley & Sons, Inc., New York, 1998.

[20] W. A. Hill and C. C. Coleman, “A single-frequency approximation for interface-state
density determination,” Solid-State Electron., vol- 23, p. 987, 1980.

[21] Q. Zhang, N. Wu, D. M.¥. Lal Y. Nikolai, L. K. Bera, and C. Zhu, “Germanium
incorporation in HfO, dielectric.on.germanium substrate,” J. Electrochem. Soc., vol. 153,
p. G207, 2006.

[22] C.-C. Cheng, C.-H. Chien, C.-W. Chen, S.-L. Hsu, C.-H. Yang, and C.-Y. Chang,
“Effects of postdeposition annealing on the characteristics of HfOxN, dielectrics on
germanium and silicon substrates,” J. Electrochem. Soc., vol. 153, p. F160, 2006.

[23] C.-C. Cheng, C.-H. Chien, J.-H. Lin, C.-Y. Chang, G.-L. Luo, C.-H. Yang, and S.-L. Hsu,
“Thermochemical reaction of ZrOy(Ny) interfaces on Ge and Si substrate,” Appl. Phys.
Lett., vol. 89, p. 012905, 2006.

[24] P. M. Lambert, “Hafnium germanate from a hydrous hafnium germanium oxide gel,”
Inorg. Chem., vol. 37, p. 1352, 1998.

[25] V. V. Afanas’ev, Y. G. Fedorenko, and A. Stesmans, “Interface traps and dangling-bond
defects in (100)Ge/HfO,,” Appl. Phys. Lett. vol. 87, p. 032107, 2005.

29



[26] C. O. Chui, F. Ito, and K. C. Saraswat, “Nanoscale germanium MOS dielectrics—Part I:
Germanium oxynitrides,” IEEE Trans. Electron Devices, vol. 53, p. 1501, 2006.

[27] D. Flandre, F. Campabadal, J. Esteve, E. Lora-Tamayo, and F. V. D. Wiele, “ac
capacitance and conductance measurements of two-terminal
metal-oxide-semiconductor-oxide-semiconductor capacitors on silicon-on-insulator
substrates,” J. Appl. Phys., vol. 70, p. 5111, 1991.

[28] E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor) Physics and
Technology, John Wiley & Sons, Inc., New York, 1982.

[29] Y. Fukuda, T. Ueno and S. Hirono, “Electrical behavior of germanium oxide/germanium
interface prepared by electron-cyclotron-resonance plasma oxidation in capacitance and
conductance measurements,” Jap. J. Appl. Phys., vol. 44, p. 7928, 2005.

[30] Y. Fukuda, T. Ueno, S. Hirono and S. Hashimoto, “Electrical characterization of
germanium oxide/germanium interface prepared’ -by electron-cyclotron-resonance
plasma irradiation,” Jap. J. Appl.-Physs, N0l 44, p. 6981, 2005.

[31] A. Dimoulas, G. Vellianities, G. Mavrou, E. K. Evangelou, and A. Sotiropoulos, “Intrinsic
carrier effects in HfO,—Ge metal-insulator—semiconductor capacitors,” Appl. Phys. Lett.,
vol. 86, p. 223507, 2005.

[32] W. P. Bai, N. Lu, and D.-L. Kwong, “Si interlayer passivation on germanium MOS
capacitors with high-k dielectric and metal gate,” IEEE Electron Device Lett., vol. 26, p.
378, 2005.

[33] N. Wu, Q. Zhang, D. S. H. Chan, N. Balasubramanian, and C. Zhu, “Gate-first
germanium nMOSFET with CVD HfO, gate dielectric and silicon surface passivation,”
IEEFE Electron Device Lett., vol. 27, p. 479, 2006.

[34] N. Wu, Q. Zhang, C. Zhu, C. C. Yeo, S. J. Whang, D. S. H. Chan, M. F. Li, B. J. Cho, A.

Chin, D.-L. Kwong, A. Y. Du, C. H. Tung, and N. Balasubramanian, “Effect of surface
NHj3 anneal on the physical and electrical properties of HfO, films on Ge substrate,” App!.

30



Phys. Lett., vol. 84, p. 3741, 2004.

[35] C.-C. Cheng, C.-H. Chien, G.-L. Luo, C.-H. Yang, M.-L. Kuo, J.-H. Lin, and C.-Y. Chang,
“Ultrathin ~ Si  capping layer suppresses charge trapping in HfO.N,/Ge
metal-insulator-semiconductor capacitors,” Appl. Phys. Lett., vol. 90, p. 012905, 2007.

[36] NIST Electron Inelastic-Mean-Free-Path Database 71 (v. 1.1), National Institute of

Standards and Technology, 2000.
[37] I. Barin and O. Knacke, Thermochemical Properties of Inorganic Substances (Berlin,
Springer, 1977).
[38] W.-J. Zhu, T.-P. Ma, T. Tamagawa, J. Kim, and Y. Di, “Current transport in
metal/hafnium oxide/silicon structure,” IEEE Electron Device Lett. vol. 23, p. 97, 2002.

[39] V. V. Afanas’ev and A. Stesmans, “Energy band alignment at the (100)Ge/HfO,
interface,” Appl. Phys. Lett. vol. 84, p. 2319,.2004, and references 3, 14, and 15 cited
within.

[40] K.-L. Seo, P. C. Mclntyre, S. Sun,'D.-L._ Lee, P. Pianetta, and K. C. Saraswat, “Chemical
states and electronic structure of a-HfO,/Ge(001) interface,” Appl. Phys. Lett. vol. 87, p.
042902, 2005.

[41] M. Liu, Q. Fang, G. He, L. Li, L. Q. Zhu, G. H. Li, and L. D. Zhang, “Effect of post
deposition annealing on the optical properties of HfON, films,” Appl. Phys. Lett. vol. 88,

p. 192904, 2006.

31



bR s

Fig. 2.1 Cross-sectional TEM imag;@f_ﬁf" -ei"s_-_c'l"epd'éliﬁ@gjf Pt/HfO,N,/Ge gate stack.
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Fig. 2.2 SIMS profiles of as-deposited HfON,/Ge gate stack after two different

annealing conditions: (a) 400 °C, 30 s; (b) 500 °C, 5 min.
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Fig. 2.8 Ge 2p3 XPS spectra of Pt/HfO,N,/Ge capacitors prepared without and with
NH; nitridation. Three components were extracted: Ge, GeOyx, and GeO:.
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Fig. 2.11
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Chapter 3

Atomic-Layer-Deposited Al,O3 Dielectric Films

on Bulk Ge Substrates

3.1 Introduction

High-k Al,Os is considered a potential alternative gate dielectric material on Si substrates
for application to metal oxide semiconductor field effect transistors (MOSFETSs) because of
its wide bandgap energy (ca. 8.8 eV), large conduction/valance band offsets, and high
thermodynamic stability. Nevertheless, there are several drawbacks affecting the deposition of
AlLO; on Si, relative to Si0O,, including the low ¢rystallization temperature, the high thermal
expansion coefficient, and the high densities of negative fixed charges and interface states
(Dit). Recent progress in the deposition of high-K -materials—e.g., the use of deposition
techniques such as atomic layer deposition (AEED)—has meant that some of these problems
can be overcome [1]. Several reports have described the characteristics of ALD-ALO;
dielectric films grown on Si using trimethylaluminum [TMA, Al(CHs)s3] as the precursor and
H,O as the oxidant because of the excellent ALD mechanism and broad process window [2],
[3]. In recent years, many investigators have studied the deposition of ALD-HfO, high-k
layers on high-mobility Ge substrates [4] using a variety of oxidants [5] in efforts aimed at
enhancing the driving current in MOSFETs. Meanwhile, various surface preparation
techniques—e.g., the incorporation of ultra-thin Si [6], [7], AINy, and GeON dielectric
interlayers [8], [9], plasma treatment with NH; or PH; [10], [11], and chemical passivation
with (NH4),S [12]—have been developed to enhance the electrical performance of Ge
capacitors and transistors [13] because the primary obstacle affecting the fabrication of
high-k/Ge structures is the presence of GeOy native oxides and their thermal desorption,
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which debase the Ge device characteristics, e.g., to provide a high value of Dy, a large gate
leakage current, and severe charge trapping.

In this chapter, we analyzed the composition and interfacial chemistry of ALD-ALO;
dielectrics deposited on bulk Ge substrates at temperatures in the range of 50-300 °C;
subsequent thermal processing strongly influenced the structural stability and electrical
properties of the Al,O3/Ge system. Interestingly, an uncommon electrical characteristic—fast
minority carrier response—has been manifested during electrical measurements of Ge MOS
capacitors; its variation with respect to the interface state response is also a noteworthy issue
that requires clarification. In fact, many years ago, Nicollian and Brews [14] foresaw that it
would be possible to observe a low-frequency (LF) C-V curve for a narrow-gap material, such
as Ge, at the standard high-frequency (HF) used for traditional Si because of the higher
intrinsic carrier concentration (n;). Sueh minority “carrier characteristics for capacitors
deposited on Si substrates have been established, correlated-to the effects of the temperature,
doping concentration, and impurity contamination,.but similar studies using Ge substrates
remain rare [15]-[17]. The influences of the.doping-concentration and the substrate type on
this anomalous C-V behavior have been discovered in high-k/Ge MOS capacitors [9], [18];
the fundamental mechanisms were clarified through fitting of MOS equivalent circuit models
[15], [16] and measurements of Arrhenius-dependent conductance properties [17],
respectively. In the second part, we utilized a two-dimensional MEDICI numerical simulator,
accompanied by theoretical calculations, to investigate the minority carrier response
comprehensively—as functions of the doping concentration, measured frequency, and
temperature—in terms of the electrical properties of Ge and Si MOS capacitors. We have also
examined the underlying mechanistic differences through practical admittance measurements

of ALD-AI,Oj; thin films on both types of Ge substrates.
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3.2 Experimental Procedures and MEDICI Simulation Program

3.2.1  ALD-AIl,O3 Growth and Capacitor Fabrication

The p-Ge substrate had a doping concentration of ca. 2 x 10" cm™ (resistivity ca. 2
Q-cm). All wafers were pre-cleaned through a cyclic rinse with dilute hydrofluoric acid and
deionized water. The Al,O; thin films were grown on the bulk Ge at substrate temperatures of
50, 100, 200, and 300 °C, respectively, while maintaining the chamber pressure at 10 torr in
the ALD system. AI(CHj3); and H,O were chosen as the Al metal source and oxidant,
respectively; they were pulsed alternately into the reactor for 1 s per pulse, separated by a N;
purge of 10 s to remove redundant reactants. Next, a 700-A-thick layer of Pt was deposited
using a sputtering system to pattern the capacitor electrode through the shadow mask. Two
post-thermal processes were tested: (i) rapid:thermal annealing (RTA) at 400 or 600 °C in a
N, ambient for 30 s and (ii) forming gas ann€aling (FGA) at 300 °C in a Ha/N; (10%) mixed
ambient for 30 min. Finally, a thermal coater Al was deposited as the backside contact.
Optical microscopy revealed that the gate ¢apacitance area was ca. 4 x 10°* cm®.

Physical analyses—high-resolution transmission electron microscopy (HRTEM),
secondary ion mass spectroscopy (SIMS), grazing-incidence x-ray reflectivity (GI-XRR), and
x-ray photoelectron spectroscopy (XPS)—were performed to investigate the as-deposited
ALO3/Ge structure and its compositional variation after thermal annealing. The GI-XRR
system employed parallel collimated and monochromatic beams (Cu Ka radiation; A = 1.5406
A) and a scanned angle ranging from 0 to 7600 arc-seconds. The reflected X-ray signal was
analyzed using a commercial Bede REFS Mercury software package based on the
four-layered stack model; the available data in experiments were applied to minimize the cost

function %> and more accurately extract all the parameters during curve fitting. For XPS

analysis, an Al Ka excitation source operating at 1486.6 eV was employed to collect the
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photoelectrons at a take-off angle of 60° with respect to the surface horizontal. These
measurements allowed us to examine not only the density and stoichiometry of the Al,O3
dielectric films but also the interfacial GeOy chemistry and thermal diffusion behavior within
the high-k dielectric. For electrical characterization, the parallel capacitance—voltage (C-V),
parallel conductance—voltage (G-V), and gate leakage (I-V) behavior of Pt/ALD-Al,Os/p-Ge
MOS structures were measured. Nicollian and Goetzberger’s conductance method considering
the fluctuation of surface band bending was used to determine the value of D; [14].

For understanding the minority-carrier behavior in Ge MOS capacitors, we prepared p-
and n-type Ge wafers that were doped with Ga and Sb dopants at levels of ca. 2 x 10" and ca.
1 x 10" cm™, respectively. The Si wafer having a standard doping concentration of ca. 1 x
10" cm™ was also studied for comparison. All wafers were pre-cleaned through a cyclic rinse
with dilute hydrofluoric acid and deionized water. Here, the ALD-Al,O; high-k layer was
deposited at 100 °C, in which the physical thickness:was ca. 64(+2) A according to the
established growth rate of ca. 1.06 A/eycle: Pt-and Al metals were deposited as the top and
bottom capacitor electrodes, respectively. In final, the:entire MOS structure underwent 300 °C
FGA for 30 min. The parallel-mode C-V and G-V characteristics were measured and they
were corrected by excluding the series resistance and parasitic components [19]. The
temperature- and frequency-dependent electrical curves in depletion and weak inversion were

investigated to explore the minority carrier response mechanisms.

3.2.2 MEDICI Simulator

The computer simulation program MEDICI has been employed to predict the
semiconductor device properties of several electronic structures, including HEMTs [20],
MOSFETs [21], silicon oxide high-k oxide silicon (SOHOS) [22], photo-detectors [23], and

junction diodes [24]. By solving the Poisson equation and the continuity equations
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self-consistently in MEDICI, we can simulate the admittance properties of MOS structures
containing SiO, (30 A) and Al gates to examine the minority carrier characteristics in Si and
Ge. In addition, MEDICI makes it possible to perform simulations at relatively high
frequencies and low temperatures by providing the appropriate physical models and
parameters. Most importantly, the contributions of the interface states to both the capacitance
and conductance loss at depletion can be omitted, which is beneficial to the analysis of
admittance-voltage data in the inversion region. Apart from a large difference in the value of
the energy bandgap for these two substrates, both the carrier lifetime and mobility, which are
dependent on the carrier concentration and temperature, are critical in determining the
minority carrier generation behavior. Moreover, the bulk trap level at midgap was assumed

for both substrates.

3.3 Temperature-Dependent Growth-of ALD-AI,O3/Ge Films

3.3.1  Temperature-Dependent Al,Oz Fhicknesses

The TEM images in Figs. 3.1(a)—(d) reveal that the thicknesses of as-deposited Al,O;
thin films on Ge substrate were dependent on the deposition temperature (Tq.p); they were ca.
53, 62, 70, and 48 A after 60 deposition cycles at values of Taep of 50, 100, 200, and 300 °C,
respectively. The Al,Os; exhibited an amorphous phase in these samples, but we did not
observe the existence of an obvious interfacial layer; nevertheless, the oxygen atoms are
likely to react with the Ge substrate surface during deposition, probably in the form of GeOx
species, because Ge is readily oxidized. A blurred oxide—substrate interface became apparent
upon increasing the value of Tq, to above 200 °C, presumably correlating with the interfacial
GeOy desorption; the detailed surface chemistry is discussed in the following sections

describing the XRR and XPS analyses. Fig. 3.2 displays a plot of the corresponding
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ALD-Al,O3 deposition rate on Ge determined in this study, together with those on Si as
reported by Ott et al. [2] and Groner et al. [3]; the results indicate similar ALD growth
behavior with respect to the value of Tgep. Meanwhile, these experimental data were simulated
well using our proposed ALD model [25], suggesting that the growth mechanism was mainly
determined by the activation energy in Al,O3; chemical reactions at low temperatures and by
the adsorption coverage of AIOH* or Al(CH3)* reactive species at high temperatures. These
two effects ensured that the growth rate achieved a maximum at a critical temperature (Tmax);
in our case, the value of Ty was ca. 170 °C, close to the value (ca. 175 °C) reported by Ott et
al., but higher than that (ca. 125 °C) observed by Groner et al. The resultant shift of the value
of Tmax was correlated to differences in the chemisorption energy required for AlLO;
deposition as well as the desorption rate of formed surface species; further details of this

behavior are described elsewhere [25].

3.3.2 Composition Analyses

Fig. 3.3(a) compares the XRR curves of Al;03/Ge samples deposited at 50 and 300 °C.
The four-layer model of the Al,O3/GesAl; xO/GeO,/Ge gate stack fit the measured curve
nearly perfectly; note that the presence of a GeyAl; O interlayer—arising from intermixing of
AlLO; and GeO,—had to be considered into the model for accomplishing an excellent fit to
the curve. The oscillation frequency is determined primarily by the thickness of the overlying
Al,Os3 film, and the oscillation amplitude is very sensitive to the variation in roughness
between the top surface and the deposited interface. The 300 °C-Al,O; on Ge substrate
exhibited a slower oscillation frequency with a higher amplitude variation, reflecting its
thinner Al,Os film and rougher Ge interface, with respect to those of the substrate prepared at
50 °C. Note that the top surface roughness (<3 A) was similar in all samples. We also

observed that the peak positions of the maxima shifted with the incident angle in these two
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samples, a typical effect of the ALO; density changing with the value Tqep. Indeed, the film
density increased from ca. 3.3 g cm ™ to ca. 3.7 g cm ™ [Fig. 3.3(b)]. Compared with the high
density (3.97 g cm™) of crystalline a-Al,O3 [26], the density of each as-deposited AL,O5 film
was indeed closer to those reported for y-AL,Os or amorphous alumina (3.5-3.7 g cm ) [26],
[27]. The lower densities of the AL,O; films observed upon decreasing the value of Tgep, arose
mainly from the thermally activated reaction kinetics dominating at lower
temperatures—especially because we used TMA and H,O in the ALD process, which caused
an increase in the levels of H, OH, and C impurities in films. Using forward recoil
spectrometry (FReS), the hydrogen concentration in ALD-Al,O; has been observed to
increase upon decreasing the value of Tgep, from 175 to 35 °C [3]. SIMS analyses (Fig. 3.4)
provided further evidence for a relatively large carbon concentration within the main Al,O;
prepared at temperatures below Tha, 1.€., <200°.°C. When excess O atoms or the C/H
contaminants were present within the ALOs—probably in the form of aluminum hydroxide
[AI(OH)3] and aluminum oxy-hydroxide, the densities of which are 2.42 and 3.44 g cm™,
respectively [28]—the film density was-lowered:accordingly.

Figure 3.3(c) depicts the respective thicknesses of main Al,O3, mixed Al,03;—-GeO,, and
interfacial GeO, layers after 60 deposition cycles as a function of Tgcp; at first, the overall
XRR thicknesses were close to the TEM observations. Interestingly, as the value of Tqge,
increased from 50 to 300 °C, the thickness of the underlying GeO, layer decreased
gradually from ca. 5 A to below 1 A, whereas that of the intermediate Ge,Al; O layer
increased dramatically from ca. 1 A to ca. 14 A, accompanied by increased roughness
between the GeO, layer and Ge substrate. These structural degradations became severe at
temperatures above 200 °C, implying that, during ALD deposition, the poorly oxidized GeOy
species at the surface were less stable and probably diffused into the top AlO; at higher
values of Tgep, leading to more severe dielectric intermixing and degraded interfacial
roughness. Seo et al. speculated that similar behavior occurred during the growth of HfO, thin
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films on Ge substrates using molecular beam epitaxy (MBE) [29]; they observed that the
surface GeOy species possibly dissolve in HfO; at a growth temperature of 360 °C.

Next, we examined the relevance of the Al 2p and O 1s photoemission spectra, in
particular their peak energy spacing; Fig. 3.5(a) provides an example for the as-deposited
Al,O3/Ge. The value of the energy spacing was ca. 456.95 eV, close to the value of 457 eV for
sapphire, but we did not observe a correlation between the energy spacing and the deposition
temperature because the chemical shift was within 1 eV. Therefore, we further investigated
the stoichiometry of the temperature-dependent grown Al,O; before and after rapid thermal
processing [Fig. 3.5(b)]. Two noteworthy features are that (i) the O/Al composition ratio
gradually achieved the ideal value of 1.5 upon increasing the value of Ty, to 200 °C, but it
increased to 1.65 at 300 °C, and (ii) a more-stoichiometric film was formed after subsequent
RTA. We can explain the variation of the:O/Al composition ratio reasonably in terms of the
controlled growth mechanism. As we mentioned earlier, -raising the value of Ty, led to
redundant oxygen-based radicals being expelled from the deposited films, which in turn
suppressed the oxygen content and, thus, improved the Al,O3 stoichiometry. Above Ty (ca.
185 °C), the deposition process relies strongly on the presence of AIOH* or Al(CH3)* reactive
sites because of the lower adsorption rate. In other words, a relatively higher H,O
concentration exists close to the surface at higher Ty, presumably leading to the
oxygen-excessive A,O3; film observed when T4, was 300 °C. Similar tendency was also
characterized in the electrical permittivity that are ca. 5.1, 6.2, 7.9, and 5.8 for as-deposited
ALOs films grown at Ty, of 50, 100, 200, and 300 °C, respectively; a relatively higher value
was obtained at 200 °C. Furthermore, we suggest that high-temperature annealing provides
additional thermal energy, acting as an external driving force, to return these as-deposited
Al,O3; samples to their stable, stoichiometric phase.

On the other hand, GeOx out-diffusion after thermal annealing is a critical issue in the
preparation of high-k/Ge structures. Surface-sensitive Ge 2ps, spectroscopy [Fig. 3.6(a)]
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revealed that no Ge oxides diffused into the top of the Al,Os dielectric after 400 °C RTA, but
the bulk-sensitive Ge 3d spectrum (inset) revealed an increased GeO,/Ge intensity ratio,
indicative of GeO, growth near the lower interface. When we increased the RTA temperature
to 600 °C, we detected a small peak corresponding to GeO, in the Ge 2ps;; spectrum along
with a reduced GeOy/Ge ratio in the Ge 3d spectrum. We speculate that the balance between
two competing processes—oxide growth and oxide desorption, which are strongly dependent
on both the temperature and oxygen concentration—determines the amount of residual Ge
oxide and its distribution. Because we used a N, ambient as the feed gas, oxide desorption
(rather than oxide growth) should dominate the thermal reaction mechanism. Together with
the finding that the critical temperature of GeO desorption was in the range of 360425 °C
[30], [31], it is probable that GeO, continued to grow at ca. 400 °C due to the presence of
some residual oxygen in the N, ambient, but it most likely desorbed at the higher temperature
of 600 °C. In Fig. 3.6(b), the Al,03/Ge deposited at a lower temperature of 50 °C exhibited
results similar to that deposited at'100.>C-after RTA; moreover, the higher-temperature Al,O3
samples appeared to display lower fesistivity in'GeOy incorporation. Note that the calculated
value of the GeO, atomic concentration in Al,Os;—based on a standard sampling depth of ca.
30 (+4) A for the Ge 2ps» spectrum—might be affected by different AL,Os overlaying
thicknesses in these samples. Here, the GeO, concentration remained low (<1.0 at.%) in all
cases. In view of the earlier XRR examination, the as-deposited Al,O3/Ge structures displayed
an increased GecAl; O intermixing phenomenon, especially at temperatures up to 200 °C.
Therefore, we conclude that high-temperature annealing is likely to cause interfacial GeOy
volatilization on the bottom of the Al,Os dielectric with a small degree of Ge incorporation. It
was suspected that Al,O3/Ge capacitors undergoing RTA at 600 °C might suffer from resultant
dielectric intermixing, as in the case of the high-Tge, systems (=200 °C); indeed, both the
interface quality and the leakage current characteristics deteriorated (data not shown). These
experimental findings agree with those of previous studies suggesting that the volatilization of
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gaseous GeO into high-k layers degrades the insulator properties [6], [32].

3.3.3 Effect of Forming Gas Annealing on Electrical Characteristics

The physical analyses described above suggested that Al,O;3 ALD films grown on p-Ge
substrates at the Tge, range of 100-200 °C should exhibit improved dielectric and interfacial
qualities. Thus, we studied the electrical properties of Ge MOS capacitors incorporating Al,O3
deposited at 100 °C; Fig. 3.7(a) depicts the multi-frequency C-V curves recorded before and
after FGA at 300 °C. Note that the C-V sweep direction presented here was from strong
inversion to strong accumulation, and that the as-deposited Al,O; thickness increased to ca.
80 A in this case. For the as-deposited sample, we observed C-V stretch-out behavior along
with humps that emerged in the depletion and weak inversion regimes, arising from the onset
of surface slow states. Subsequent FGA processing improved the quality of the Al,Os—Ge
interface, such that the C-V curves reached full accumulation saturation with a deeper “dip”
in depletion, i.e., the deviation of the 1%kHz:curve was diminished with respect to that of the 1
MHz curve. Another noticeable phenomenon ‘is: the significant frequency dispersion in the
strong inversion region, which is consistent with a high intrinsic carrier concentration and a
large density of bulk traps close to the midgap in Ge; consequently, fast accumulation of
minority carriers could occur at the Ge surface [17]. Vanhellemont and Simoen reported that
metal impurities—in particular Fe and Ni—are responsible for these deep levels, with a trap
energy of ca. 0.3 eV within the bandgap [33]. From electrical characterization, the trap density
was estimated to be ca. 10"°~10'° cm in the bulk Ge substrate [16]. Fig. 3.7(b) provides a
comparison of the -V characteristics; the inset presents the bi-directional sweep of the C-V
curves. At a similar value of the capacitance equivalent thickness (CET), the value of J, and
the degree of charge trapping were both reduced after FGA; we attribute these improvements

to the resultant passivation of the interfacial traps.

48



The common approaches toward extracting the value of D; for Si MOS
capacitors—namely the Terman [34], high—low frequency capacitance [35], and conductance
[12] methods—cannot be fully applied to Ge devices because carrier exchange between the
interface states and the minority-carrier band edge influences the Dj; extraction in the weak
inversion regime [16]. Here, the statistical conductance model was utilized to evaluate the
energy distribution of Dj; only within the limited gate biases. Fig. 3.8(a) provides a plot of the
conductance (G,/w) as a function of the measured frequency (f.) for the as-deposited
Al,O3/Ge capacitor under gate biases ranging from 0.2 to 0.7 V, i.e., where the device biased
from depletion to weak inversion. During the Dj; extraction, only the conductance peak having
the shoulder near the higher frequency side was fitted well. Most importantly, two interesting
features appeared upon increasing the positive gate bias: (i) the Gy/w peak increased in
intensity gradually and moved to lower frequeneyrand (ii) the plateau in the range 1-10 kHz
had higher magnitude. As it is well known, two main physical mechanisms are responsible for
the onset of the ac conductance loss peak:(1).the carrier transition between the interface states
near the Fermi level and the majority=carrier -band edge, which certainly dominates at gate
bias in depletion, and (ii) the dark current of the minority carriers that charge the inversion
layer; they arise not only from the bulk traps within the depletion layer but also from the
diffusion current from the bulk semiconductor. Based on the observation that the generation
and recombination of the bulk traps over the diffusion mechanism contributed to the main
minority-carrier current at temperatures below ca. 45 °C [17], we suppose that in the weak
inversion region the competition between bulk trap loss and interface state loss is intense. The
resultant shift of the gate bias-dependent G,/W peak reflected the fact that charging and
discharging of the interface traps should dominate these energy losses. On the other hand, as
for the conductance plateau observed on the lower frequency side (1-10 kHz), Evangelou et
al. successively simulated this anomalous behavior using the continuum D; model
accompanying the tunneling effect of the majority carriers from the semiconductor surface to
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the bulk oxide defects [35]. We suspect, however, that the insensitive conductance loss should
be strongly related to the intrinsic properties of Ge; studies of temperature- and doping
concentration-dependences are currently under investigation.

In terms of the frequency-dependent conductance peaks, Fig. 3.8(b) reveals the change
in Dy after thermal processing. The value of Dy of the as-deposited sample was ca. 4 x 10'*
cm 2 e\fl; it increased to ca. 2 x 10" cm ™ eV ! after RTA at 600 °C, but decreased to ca. 5 x
10" cm™? eV ' after FGA at 300 °C, indicating that the low-temperature FGA did help to
repair the high-k—Ge interface [36]. The in-diffused hydrogen possibly filled the existed
defects inside poor-quality GeOyx between high-k/Ge interface [37]. In addition, as is evident
in Fig. 3.8(c), the employed value of T4, was also a determining factor affecting the quality
of the interface between the grown Al,O; and Ge. Apparently, the value of D;; increased to
greater than 10" cm™ eV™' when Taep was 200 and 300 °C, showing consistency with the
results of appreciable interfacial dielectric intermixing. In other words, it is essential to protect
the Ge devices from GeOy formation and-volatilization- under either higher-temperature
deposition or higher-temperature post-thermal processing to achieve the optimal electrical

performance.

3.4 Minority Carrier Response Behavior of Ge MOS Capacitors

3.4.1 Equivalent Circuit Model and Concept of Conductance Method

Measurements of the MOS device can be modeled using the equivalent circuit presented
in Fig. 3.9(a), where Ciys is the insulator capacitance and Cy, Cgep, and Ciny are the
semiconductor capacitances in accumulation, depletion, and inversion, respectively. This
model also incorporates the effects of interface traps located between the insulator and

semiconductor. Because interface traps follow the Shockley—Read—Hall (SRH) model, the
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kinetics of the generation/recombination (g-r) of interface states are represented by the
associated conductances, G and G,y, connected to the respective conduction- and
valance-band edges in p-type materials. In addition to the energy loss associated with the
capture and emission of carriers, there is a capacitance (Cj) that is proportional to the
interface state density (Dj). In depletion, Gt would be greater than G in the weak depletion
of a p-type material because of the neglected contribution of minority carriers to the
charging/discharging of D;. Based on the assumption that only majority-carrier density effects
are important in depletion, the complete equivalent circuit can be simplified to the equivalent
circuit presented in Fig. 3.9(d). For analyses, we have modified such a single-level trap model
into a more realistic case of a continuous and random distribution of Dj;; within the bandgap.
Figure 3.9(e) displays the simplified equivalent circuit for the MOS device when
entering the inversion regime. In contrast to the depletion region, the bulk traps, the g-r, and
the diffusion of minority carriers. all contribute to'the-dark current that charges the inversion
layer. The value of Gj,, is the equivalent conductance of the parallel combination of g-r
conductance (Gg) and diffusion conduetance (Gaifr), where Gy, 1s due to the finite g-r within
the depletion layer through bulk traps and Ggig is due to the diffusion current of minority
carriers from the bulk to the edge of the depletion region. At lower temperatures, G, is more

significant [14], [38] and can be expressed using the equation

Gor_amw

R (3.1)

where ¢ and w are the surface potential and depletion layer width in inversion, respectively,
and 7; is the SRH lifetime determined by the density of g-r centers and the capture

coefficients for electrons and holes, respectively. As the temperature increases further, Ggis
becomes dominant because of the increasing function of ni? [14], [38], as revealed by the

following equation:

51



Gt :Ci_z niz Lonir _4a Nmir Hmir (3.2)
A KT N, 7 L

maj

mir mir
where N, is the substrate doping concentration and Ly (7,,,) and g, are the diffusion
length (lifetime) and mobility of minority carriers in the bulk material, respectively. To
correctly observe the temperature dependence of the minority-carrier response behavior, all of
the parameters are a function of the temperature in calculations, except for 7, because of the
weakly temperature dependence. Note that the equivalent circuit biased in strong inversion is
often simplified for the Si case in terms of WCj,y >> Gijyy, but this assumption cannot be fully
adopted for Ge; the details are discussed below.

The conductance technique is suitable for evaluating the characteristics of interface and

bulk traps in depletion and inversion; identical equivalent circuits were found: the

semiconductor admittance consists of the Cg, shunted. by the series combination of one

capacitance and one conductance. Therefore, in dépletion, -7;, = C;/G;j; is defined as the time
constant related to the trap-to-band ‘communications; in-inversion, 7, = Cin/Giny 1 the
minority carrier response time. Moreovet; the commonly used parallel equivalent circuit is
converted into the equivalent circuit in Fig. 3.9(b) by subtracting the reactance of the
insulator capacitor Cjys to analyze the semiconductor admittance directly. Through a plot of

Gun/f versus log f for various gate biases, we can examine the interfacial and bulk properties

from the changes of maximum position and height of the G,,/f peak.

3.4.2 MEDICI-Simulated and Measured Electrical Characteristics

Figures 3.10 and 3.11 present the simulated C—V and G-V characteristics of Al/SiO,
gate stacks on p-Si and p-Ge substrates at various temperatures. It was observed that the
dielectric on Si [Fig. 3.10(a)] obviously presented the LF C-V curves only when raising the

temperature up to 400 K and reducing the frequency to as low as 100 Hz. In contrast, such LF
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curves occurred readily at 300 K for Ge systems in which the doping concentrations were 10'°
and 10" cm™ [Figs. 3.10(b) and 3.10(c), respectively]. We observed the minority carrier
behavior even at higher frequencies, e.g., 1 MHz, in the low-doped Ge. On the contrary, the
complete HF C-V curves appeared only in the high-doped Ge at temperatures as low as 250 K.
By examining the simulated conductance Gy, in the Si case [Fig. 3.11(a)], the inversion
conductance Gj,, revealed a frequency independence up to 100 kHz; the values increased by
ca. two orders of magnitude as we increased the temperature from 300 to 400 K. From Figs.
3.11(b) and 3.11(c), the Ge counterpart reveals two distinct features: the Gy, characteristics
measured at low temperature (250 K) were identical to those in Si at high temperature (400 K);
upon increasing the temperature to 350 K, the value of Gy, became proportional to the square
of the angular frequency w, similar to the curves observed in accumulation [Fig. 3.9(c)]. The
resultant W-dependence of G-V cuives implied the similar equivalent operation circuits in
both accumulation and inversion-for Ge MOS eapaciters at higher temperatures, e.g., >300 K.
The electrical differences in inversion:between Ge and Si are dependent on the values of Gpe,,
which are dominated by either of the terms Giyior @Ci,y, which are strongly correlated to the
measured temperature, frequency, and properties of the substrate material. We will understand
the minority-carrier conductance loss further through theoretical calculations of these two
components, together with the following experimental findings. Note that the absence of
interface states was assumed in simulation; hence, they did not contribute to the energy loss,
thereby causing the onset of a deeper “dip” in depletion.

Figures 3.13 and 3.14 display the measured C-V and G-V characteristics of
Pt/ALD-Al,O; gate stacks deposited on p-Ge and n-Ge substrates, respectively (the measured
curves of the p-Si MOS capacitor in Fig. 3.12 were used as a reference). First, as illustrated in
Figs. 3.13(a)—(c) and 3.14(a)—(c), the minority carrier response occurred in C-V inversion for
both types of Ge. Through plots of the temperature dependence of 1-MHz C-V curves [Figs.
3.15(a) and 3.15(b)], we observe that increasing the measured temperature to 100 °C
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accelerated the overall response rate pronouncedly. Besides, the low-doped (10" ¢cm ™) n-Ge
also exhibited a faster rate with respect to p-Ge (2 x 10" cm™), which we attribute to the
resultant high minority-carrier concentration. On the other hand, unlike the exponential
decline of the conductance curves in inversion for Si MOS capacitors, Figs. 3.13(d)—(f) and
3.14(d)—(f) display gate-bias-independent values of Gj,, in Ge with a more severe frequency
dispersion upon increasing the measured temperature. Meanwhile, the temperature-dependent
G-V curves in Figs. 3.15(c) and 3.15(d) indicate that the values of Gy, increased upon raising
the temperature up to 60—70 °C, but then they deceased again. We attribute this phenomenon
to the effects of the external conductance G at higher temperatures, resulting in the lower

values of Gj,.

3.4.3 Minority Carrier Response'Characteristics

Figure 3.16(a) provides an analysis of the simulated Arrhenius-dependent substrate
conductance Ggy, in Si and Ge at various dopant.concentrations (1014 and 10" cm73), plotted
with experimental data obtained from this and previous studies. The simulated values of Gy
in inversion, i.e., Giy, can be divided into two stages: one dominated by Ggir at high
temperatures and the other by G, at low temperatures. Most importantly, the values of G;,, of
the dielectric on Ge were larger than those on Si by at least four orders of magnitude,
indicative of a larger energy loss occurring in Ge. Both our data for Al,Os/p-Ge and those
reported for HfO,/n-Ge are in agreement with the simulation results for the SiO,/p-Ge
structure. Using eqs. (3.1) and (3.2), we evaluated the respective components of Gy and Gg;fr
in Gj,y for these two substrates. We assumed a high bulk trap volume density (Nt) of 10"
cm” in Ge, relative to a value of 10'* cm™ in Si, because Ge wafer quality has not yet
developed to a satisfactory level. Fig. 3.16(b) reveals that the crossover temperature (T¢) at

which the transition is made from the g-r mechanism dominating to the diffusion-controlled
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process was ca. 330 K for p-Ge, close to the value of ca. 318 K characterized for high-k/n-Ge
(Np = ca. 7 x 10" ¢m™) [17]. Relative to the value of T¢ of ca. 442 K for its Si counterpart,
we ascribe the lower value for Ge to its higher value of n;. Here, deviations in the values of
the Gi,, evaluated via the MEDICI simulations and the theoretical calculation arose from the
adopted material parameters, e.g., the Nt value. We also calculated the magnitude of the wCiyy
term, where Ci,y is defined using Eq. (3.3) [14], for comparison with the values of Gj,, in

these two substrates.

Es &, I —q &
I ex 3.3
n \/ELD Nmaj p( 2kT ) ( )

C
where &g is the substrate dielectric constant, L, is the Debye length, and ¢ 1is equal to
2¢, at the threshold inversion point (¢, is the bulk potential). The calculations revealed that
WCiny >> G,y for the Si case at temperatures, up to ca. 400 K; thus, the equivalent inversion
circuit in Fig. 3.9(e) is often simplified furtherso that the depletion capacitance Cqe, changes
in parallel only with the Gj,, term. This conclusion is only suitable for the Ge counterpart
when the temperatures decrease below: ¢ca. 250-K; meanwhile, the opposite behavior, WCi,, <<
Ginv, Occurs at temperatures above ca.“350/K. That is to say, at intermediate temperatures
(250-350 K), the minority carrier response in Ge MOS capacitors is strongly dependent on
the measured temperature and frequency.

Here, we define the effective transition frequency fi.,—at which the capacitance in
inversion is midway between Ci,s and the HF capacitance Cn—as marking the onset of the LF
C-V behavior. Our experimental data for fi,, observed in Al,O3/p-Ge (Fig. 3.13) were within
the MEDICI-simulated predictions in Fig. 3.17(a). The fast response rates in the Ge
capacitors corresponded to higher values of fi,,: ca. 5 and 200 kHz at RT for Ge doped at 10
and 10" cm”, respectively. Higher degrees of substrate doping and lower measured

temperatures lowered the order of fi,, accordingly, due to abatement of minority carrier

disturbance. From these studies, we conclude that two energy loss mechanisms, G4 and Ggigr,
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are responsible for the supply of minority carriers to the inversion layer, providing LF-like
C-V properties in the kilohertz regime. Previously, Bai et al. reported an interesting
phenomenon in HfO,/p-Ge [9]: an increase in the degree of substrate doping from 10" to 4 x
10" e¢m™ reduced the value of fy,, from greater than 100 kHz to less than 10 kHz. Upon
increasing the Ge concentration to 3 x 10" cm® , however, the value of fy,, increased again to
greater than 1 MHz, which is opposite to the trend that we expected. To explain this
anomalous behavior, we correlated the value of fi,, to the changes in Gi,y using the following

equation [14]:

G; Chs
frran = —A2— (1 - 3.4
tran ij'clns ( Cins ) ( )

using a value of Cjys of 1.11 ,uF/cmz as in our Al,O3/Ge cases, i.e., corresponding to the
capacitance-equivalent-thickness (CET) of 30 A, and with the assumption that the number of
bulk traps was proportional to the dopant concentration. We observe in Fig. 3.17(b) that Ge

doped at 10" cm™

exhibited a relatively high value of “f,., with respect to that of the
low-doped Ge. Considering that values of Ny ranging from ca. 10'* to 10'® cm™ have been
reported for an intrinsic Ge epitaxial film" [16] and low-doped Ge substrates [33], [39],
together with a maximum solid solubility of ca. 10" cm™ for p-type dopants, we suspect that
the highly doped p-Ge wafer might contain a large number of mid-gap traps (e.g., 10'—10"
cm ) inside the depletion layer, possibly arising from high degrees of Fe and Ni metal
impurities [33], dopant precipitation, and/or metal-dopant combined defects. In reality, the
density of bulky defects is governed not only by the wafer type and contamination by
impurities but also by the device’s fabrication [18], [40], in particular the dielectric—Ge
interface, which in turn influences the degree of minority carrier response on the measured
frequency. In other words, the magnitude of G, is probably comparable with that of

Gai—possibly even exceeding it at higher temperatures—but Ggisr still immediately rules the

inversion conductance G,y as the temperature increases further.
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3.4.4 Interfacial State Response Characteristics

On the other hand, because the device equivalent circuit in inversion is similar to that in
depletion, it is essential to explore the differences between the minority-carrier-induced loss
and the interface-state loss with respect to the measured frequency. Thus, we calculated the
temperature dependence of the interface-state response frequency (fi;) as a function of the

surface potential using the following equation [14]:

Vth Gc

fy = " exp(— L) (3.5)

where V,, is the thermal velocity and o, is the capture cross section. Supposing that the

Ocap

standard measured frequency in the range 10°~10° Hz, as depicted in Fig. 3.18(a), we can
detect Dy close to the midgap in Ge only.at values of f greater than 10° Hz, quite different
from the Dj; response observed as low as 10> Hz*in Si. This conflicting behavior can be
understood in terms of the results of the MOS expériments presented in Figs. 3.12-3.14,
where we observe depletion bumps at-frequencies of1-100 kHz for the Al,Os3/p-Si capacitors
and at 50-1000 kHz for the Al,O3/p-Ge capacitors. In contrast, we did not observe any such
bump for the corresponding n-Ge case because of the intense minority-carrier loss. The
calculated results in Figs. 3.18(b)—(c) suggest that continuously decreasing the temperature
from 300 to 100 K is a practical means of extracting the overall distribution of D;; within the
Ge bandgap. Such a temperature-dependent conductance method is discussed in detail in a
recent literature review by Martens et al. [15].

Figures 3.19(a)—(f) display the Gqu/f versus log f characteristics for both types of Ge
under gate biases ranging from the mid-gap to the inversion. We employed the statistical
conductance model to estimate values of the mid-gap Dj for p-Ge and n-Ge of ca. 7 (+1) x
10" and 1.5 (£0.5) x 10" cm? eV, respectively. An interesting trend appeared for the

devices biased into the inversion conditions: the Gg/f peak gradually moved to lower
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frequency, accompanied by an increased intensity, and upon raising the temperature; as a
consequence, the overall conductance spectra shifted to higher frequency. Because of the
presence of a high minority carrier density, this phenomenon reveals that we must consider
the communication of interface traps not only with majority carriers but also with minority
carriers in Ge MOS capacitors. Even so, we still believe that such a shift in the
frequency-dependent conductance peaks is correlated mainly to the Gj,, loss within the
substrate itself, overwhelming the Dj-induced energy loss in inversion. We rationalize this
behavior by considering the following observations. First, from the viewpoint of the fj
calculation, the Gyw/f peaks appear far below 10° Hz, which is irrational for the Dj; response
in Ge devices close to RT. Next, assuming that the transition of surface minority carriers with
Dit dominates the conductance peaks in inversion, the resultant shorter lifetime in the
charging/discharging of Dj; should shift them to higher frequency, rather than lower frequency,
upon increasing the inversion biases. In'fact, a" A-shaped distribution in the trap time
constant across the overall Ge bandgap was.observed under a quite low temperature of 80 K
when employing a full conductance measurement {15], in which the Ggw/f peaks shifted
initially to lower frequency and subsequently to higher frequency with respect to the gate bias.
In addition, according to the classical bulk trap model proposed by Nicollian and Brews [14],
the resultant frequency of the Ggy,/f maximum should coincide with the value of fi.., observed
in the C-V curves. Indeed, we observed that the conductance peaks (and values of the fi,,) for
p-Ge capacitors were located at ca. 4 kHz (3 kHz), 20 kHz (15 kHz), and 100 kHz (130 kHz)
at 20, 40, and 60 °C, respectively, when V, was equal to 1 V. The trends were also consistent
for the n-Ge cases. In addition, we estimated the effective values of Nt simply from the
corresponding magnitudes of Gg,/f by evaluating the depletion width swept out by a 2-KT
band bending; the resulting values of Ny for p-Ge and n-Ge were ca. 3.9 x 10"° and 2.5 x 10"
cm >, respectively, reflecting high levels of bulky defects existing in these particular Ge
wafers.
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3.5 Conclusions

In Chapter 3, we describe the structural and electrical properties of ALD-Al,O3 thin films
onto Ge substrates over a wide deposition temperature range (50-300 °C). From GI-XRR and
XPS, we found that increasing the deposition temperature improved the Al,O3 film density
and its dielectric stoichiometry; nevertheless, dielectric intermixing between main Al,O3 and
interfacial GeO, appeared at temperatures above 200 °C, along with degradation of the
GeO,/Ge interface. Accordingly, a relatively large J, and a high density of Dj 10" cm™
eVil) were observed as a result of deterioration of the entire Al,O3/Ge structure at higher
deposition temperatures. In addition, although subsequent high-temperature processing at 600
°C in a N, ambient could relieve theoxygen-excessive behavior further, i.e., to provide a
more stoichiometric film, the accompanying GeOx volatilization close to the dielectric
interface caused greater damage-to the electrical performance. Only low-temperature 300 °C
FGA improved the C-V characteristics of the Pt/Al;O3/Ge structure, in terms of providing a
lower value of Dj; (ca. 6 x 10" em™ eVﬁl), a lower value of J,, and reduced hysteresis width.

Furthermore, we also present MEDICI simulations of the admittance-voltage properties
of Ge and Si MOS devices, including analyses of the substrate conductance Gy and
high—low transition frequency fian, to explore differences in the minority-carrier response. The
Arrhenius-dependent Gg,, characteristics revealed that a larger energy loss—by at least four
orders of magnitude—occurs in Ge than in Si, reflecting the fast minority-carrier response
rate, i.e., a higher value of fy.,. We confirmed that the higher intrinsic carrier concentration in
Ge, through the generation/recombination of mid-gap trap levels as well as the diffusion
mechanism, resulted in the onset of LF C-V curves in the kHz regime, accompanying the
gate-independent inversion conductance. Experimental data obtained from Al,O3/Ge MOS

capacitors were consistent with the values of Gy and fy., obtained from the MEDICI

59



predictions and theoretical calculations. In addition, upon increasing the inversion biases, we
observed shifts in the Gg/f conductance peaks to low frequencies that arose mainly from the
transition of minority carriers with bulk traps in the depletion layer. Meanwhile, we estimated

that bulky defects of ca. (2-4) x 10" cm ™ exist in present-day low-doped Ge wafers.
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Fig. 3.1 TEM images of the as-deposited 'Pt/ALD-A1203/Ge structure after 60

deposition cycles under-different valties of Tdé‘p.
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Fig. 3.2 Growth rates of ALD-Al,O; films plotted against the value of Ty, for both this

and previously studies (by Ott et al. and Groner et al.). Solid lines represented

the simulation of our proposed ALD model [25].
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Fig. 3.3
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Fig. 3.6
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Fig. 3.8
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Chapter 4

E-gun Evaporated Gd,O; Dielectric Films

on GaAs Substrates

4.1 Introduction

GaAs metal-oxide-semiconductor (MOS) devices with different high-k gate dielectrics
have been of more interest in recent years. Examples of these include the well-known Gd,03
[1], Al,O;3 [2], TiO; [3], and Hf-based oxides [4], [5], respectively. The primary bottleneck of
these high-k/GaAs structures in realizing the practical devices is a large density of interfacial
states, which causes significant Eermi-level pinning effects, e.g., the low modulation of
surface potential and other poor. electrical properties: The carbon contamination, the native
oxides, and, in particular, the arsenic element segregation are commonly detected species on
the GaAs surface [6]. In other words, understanding the chemical bonding configuration at the
dielectric/GaAs interface is of the utmost importance and its quality also determines the
device performance since the GaAs surface is likely to debase during the dielectric deposition
and thermal anneal processing. Several groups have demonstrated several promising capacitor
and transistor characteristics by performing various surface preparation techniques, mainly
comprising three aspects of the wet-chemical cleaning, interface passivation, and thermal
treatment, respectively. Numerous acidic or basic wet solutions have been extensively studied;
it was found that the amount of impurity contamination and residual components strongly
depended on the entire cleaning procedures [7]-[9]. Prior to the deposition of the gate
dielectrics, the passivations of GaAs surface—the sulfide-based immersion [10], [11], the
silicon/germanium interfacial layer [12]-[14], and the coverage of lattice-matched dielectric
thin-film [15]—also have been reviewed again in recent years. Additionally, thermal
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desorption in the high vacuum system especially for the molecular beam epitaxy (MBE) is
another widely used approach to clean III-V deposited surface [16], [17]. In this session, we
modified the wet-chemical cleaning and sulfide passivation processes to improve the
electrical performance of Gd,O; dielectric thin film deposited on the n-GaAs substrate. Low
gate leakage, diminutive hysteresis and reduced interface state density can be achieved in the

fabricated Gd,0s/GaAs structures.

4.2 Experimental Procedures

MOS structures were fabricated on the highly-doped (~1 x 10" cm™) n-type GaAs
substrates. A series of wet-chemical cleaning processes (WCPs) were applied and listed in
Table I. Both the HCI and NH4OH aqueous’solutions, with the same diluted concentration
(acid or alkaline/H,0, 1:10) was used in GaAs surface clean. Subsequently, the samples were
dipped into aqueous ammonium sulfide solution {(NH4),S/DI water, 1:100] at two different
processing temperatures of RT and 80 °C; respectively, with the fixed immersion time of 5
min for studying the sulfur bonding states as well as the efficiency of oxide removal. After
undergoing these WCPs, we measured the roughness variation of GaAs surface morphology
within the scanning area of 1x1 pm?® by the atomic force microscopy (AFM). Meanwhile, we
employed x-ray photoelectron spectroscopy (XPS) that Al Ka (hv=1486.6 ¢V) was used as an
excitation source and the take-off angle was fixed at 60° in order to understand the surface
chemistry. High surface-sensitive As 2ps, and Ga 2p;., core level spectra, after subtraction of
the Shirley background, were analyzed by least-squares fitting method—the contributed
components comprised a Gaussian line shape convoluted with a Lorentzian broadening
function. In addition, for examining the impact of the WCPs on the properties of the resultant
capacitor, we deposited the Gd,Os; thin film as gate dielectric using electron beam evaporation

with pure Gd,O3 ingot, followed by performing the post-deposition annealing (PDA) at 500
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°C for 10 s in Ar/O, mixed ambient for further condensation. Most importantly, the
distribution of (Ga,As),Ox oxides and GaAs-related defects into the high-k dielectric after
thermal processing was examined. A 600-A-thick layer of sputtered Pt was patterned as
circular capacitor electrode via a specific shadow mask; while the backside Ohmic contact
was formed by e-beam evaporation of In/Pt (300/300 A) bilayer. The capacitance—voltage
(C—V) and the gate leakage (/-}) characteristics for the fabricated Pt/Gd,O;/GaAs MOS
structures were measured using an HP4284 LCR meter and a Keithley 4200 semiconductor
analyzer system, respectively. The level of fast interface states was evaluated by
frequency-dependent conductance method, while the capacitance-equivalent-thickness (CET)

was determined by the value of accumulation capacitance (10-kHz) at gate voltage V, =3 V.

4.3 Modified Wet-Chemical Cleanrand Sulfidization Processes

4.3.1  Surface Chemistry and Morphology of Cleaned GaAs Substrates

Figures 4.1 and 4.2 show the respective As 2p;» and Ga 2ps,» photoemission spectra of
the GaAs surface after four WCPs and all the deconvoluted peaks; the fitting results are
summarized in Table I. It was seen in Fig. 4.1(a), as compared to the others, that more As
oxides as well as amorphous As preferred to accumulate on the GaAs surface subject only to
HCI acidic solution etching. The chlorine ion intends to attack the GaAs surface forming
soluble gallium chloride [18] and the simultaneously produced As-rich overlayer can then be
partly oxidized to form As,Os3 and As,Os species on the outmost surface. From the viewpoint
of thermodynamics, the Ga atoms are more easily oxidized because the Gibbs energy of the
formation of Ga,0Os3 (ca. -999 kJ/mol) at RT is lower than that of As,O; (ca. -576 kJ/mol) [19].
However, our experimental observation is obviously contradictory to this prediction. This is

due to the fact that Gibbs energy is not the sole determining factor but the constituent
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distribution as well as the oxidized probability also play a big role in the real oxidation
processing [7]. We, thus, suggest that excess As atoms possibly block the access of chlorine to
underlying gallium atoms during HCI clean, which also act as a passivation layer to hinder the
interfacial gallium oxidation. This result is similar to what observed in the previous studies in
which the GaAs substrate was cleaned by the acid HF [20], [21].

Subsequently performing (NHy4),S immersion at RT was found, as shown in Fig. 4.1(b),
to effectively diminish the oxidized As species; raising the temperature up to 80 °C lessened
them further. As reported, wet sulfide solution comprising (NH4),S or Na,S agent are capable
of suppressing these undesirable species on GaAs by forming sulfur-related chemical bonds,
where the outer oxide will be etched away and then reactive sulfur starts to create bonds with
surface atoms [22]. The dissolution of ammonium sulfide produces both the weak acid HS
ions and H,S molecules adsorbed onto the GaAs, which is closely correlated to the
electrostatic interaction and surface -dipole moment [23]. We suppose that the solution
temperature affects both the rate of oxide removal.and. the ereation of sulfur bonds mainly in
terms of their activation energies; also, it determines.the dissociation of (NH4),S solution. The
higher removal efficiency at increased temperature may be ascribed to the enhanced migration
of etching agent into oxide layer [24] and the increasing solubility of As oxides [25].

In Fig. 4.1(c) and 4.1(d), another interesting feature was noticed that increasing the
sulfide-treated temperature and adding the NH4OH clean caused the rearrangement of the
sulfur bonding state, i.e., more Ga-S bonds did emerge relative to the reduced As-S bonds.
Such a surface bonding reconstruction was attributed to the following conversion mechanisms:
(a) AsSy sulfidized compounds transfer into highly stable GaSy species by reacting with GaAs
surface [26]. (b) since As-S chemical bond easily breaks at temperature as low as 200 °C
[27]-[29], indicative of the lower bonding strength, the loose sulfur atoms thus prefer to create
the strong Ga-S bonds [24]. Furthermore, the NH4OH alkaline solution was critical in abating
these surface components compared to the results obtained in the untreated samples; we
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characterized that the NH4OH rinse obviously decreased the content of not only As-O and
As-As species but also Ga-O species. Here, we can only have speculation regarding the

underlying mechanism since the explicit role of NH;" and OH ions in the dissolution of
GaAs surface components are still in controversy [25]. Two kinds of surface cleaning

mechanism, to our knowledge, have been conjectured: one is that OH ions directly react with
either Ga or As chemical species forming the soluble compounds such as GaO;® and AsO,

with the participation of free holes from the semiconductor [29]; another is that the former
reaction initially produces the hydroxides in the form of Ga(OH)s;/As(OH)s;, which are

transformed into the soluble complexes like hydroxygallate aggregates NH4Ga(OH); and
(NH,4)3AsOs, via the assistant of free NH4" agent [25]. Irrespective of the detailed dissolution
procedure, the resultant defect suppression can then expected being able to promote the
interface quality between Gd,Os deposited film and GaAs substrate, thereby achieving the
better insulator properties. This claim was first -supported by the improved surface
morphology after the WCP modulation,as.displayed'in Fig. 4.3. The root-mean-square (RMS)
roughness of HCl-etched GaAs surface can bereduced from ca. 0.35 nm to ca. 0.25 nm by

rinsing in either (NHy),S at 80 °C or NH4OH aqueous solution.

4.3.2 Physical and Electrical Characteristics of Gd,0O3/GaAs Structures

Figures 4.4(a) and 4.4(b) display the capacitor characteristics of Pt/Gd,Os/n-GaAs
structures subjected to different WCPs. In the following discussion we denoted the MOS
capacitor—underwent the HCl and (NHy),S two processes—without and with the NH4;OH
clean as the “HS-sample” and “HNS-sample”, respectively. The bidirectional C-V curves in
Fig. 4.4(a) showed that the HNS-sample relative to the HS-sample had a high value of the
accumulation capacitance. However, they still presented the anti-clockwise hysteresis loop,

which could be eliminated by increasing the sulfidized temperature up to 80 °C. From the
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variation of (NH4),S concentration level, an increase in sulfide concentration from 1% to 10%
plainly degraded the overall accumulation capacitance. In addition, since the poor
insulator-substrate interface leads to a remarkable shift of the flatband voltage (Vep), i.e., the
large frequency dispersion at the accumulation/depletion region, in frequency—dependent C-V
curves, hence, we qualitatively examined the Fermi level (Ef) pinning effect through
variations of the /AC and AV that were defined as follows:

AC(@Vg=3V)=1-Cy(@l MHz) / Coee(@1 kHz) 4.1)

AV(@Crg) = V(@1 kHz) - Vo(@100 kHz), (4.2)
where /A\C is the deviation of the accumulation capacitance measured at 1-kHz and 1-MHz
for the V, of 3 V, while /AV is the voltage difference between 1-kHz and 100-kHz C-V curves
achieving the value of the flatband capacitance (Cgg). In Fig. 4.4(b), the respective /AC and
AV were ca. 64% and ca. 2.2 V for the HS sample; with both the values could be reduced to
ca. 38% and to ca. 1.4 V providing that we added the NH4OH clean with the sulfidization at
80 °C. These improvements confirmed that'the WCP optimization further unpinned the
interface Fermi level. Due to a high density of surface states formed by segregated As atoms,
the Er at GaAs (100) surface being pinned at ca. 0.8 V below the conduction band (E.)
minimum was demonstrated [30], [31]. The possible energy-level models, basically, based on
the framework of a donor state near the midgap with an acceptor state close to the valence
band (E,) edge, also have been proposed [32]. It seems that the lower surface states induced
by sulfide passivation can cause a movement of the Ef back toward the E. [10], [33]. However,
this conclusion is not confirmative since some other previous experimental findings that the
Ef moved toward the E, by ca. 0.2 eV were also illustrated [34], [35]. We suggest that the
movement of surface Fermi level is related to the actual sulfidation procedure and the
resulting sulfur adsorption; the E; intends to shift back to E. provided that more Ga-S bonds
form at the interface [36], for example, which can be obtained after high-temperature
annealing. On the as-treated sample the formation of less stable As-S bonds compared to Ga-S
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ones has been deduced to induce the extra gap states [37]; this consequence directly affects
the shift behavior of the Ef in experiments. In our case, since the interfacial state density (Dj)
reduced from the order of 10"* cm™@eV™' to that of 10'? cm™eV™', we believe that the improved
WCP, along with a relatively more GaSy formation, did facilitate to lessen the overall surface
recombination centers, in particular for donors induced by Asg, anti-sites. Evidently, it
promotes the carrier population at the dielectric interface at high frequency of 1 MHz,
coinciding with the consequence of AC and AV reduction.

Figure 4.5 shows the corresponding /-V characteristics and the inset displays the
comparison of gate leakage J, at V, = (Vig + 1) V for all samples with different WCPs. The
result clearly indicated that the WCP—[HCI + NH4OH + sulfide(1%, 80 °C)] certainly led to
the better leakage performance that the J, could be reduced to ca. 1.5 x 10° A/cm” at V,, =
(Ves + 1) V; however, either increasing the concentration to 10% or lowering the temperature
to RT caused J, to increase considerably. Our explanations for these experimental findings are
given below: in the course of ‘performing (INH,4),S-immersion, one or two GaAs sulfide
monolayers were formed until the bonding saturation, and then sulfur ions remained to reside
on the outer surface, probably in the form of either molecules or complex compound. Excess
sulfur contamination might be induced by the increased concentration; we evidenced this
consequence by the AFM images that the 1%-sulfide could flatten the morphology of
HCl-etched surface, whereas an increased roughness was seen after 10%-sulfide due to the
presence of small particles (not shown here). Subsequent annealing-induced diffusion toward
the Gd,0Os thin film possibly induced the leakage path and/or behaves as the leaky defect,
causing the gate leakage degradation with an increased equivalent-oxide-thickness (EOT). In
addition, as we mentioned earlier, more As-S bonds formed at RT than at 80 °C, and they
would be reduced to the elemental arsenic since kinetics naturally drives the reaction below
[26].

GaAs + AsS, — GaS, + 2As (4.3)
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The higher sulfidized temperature, i.e. at 80 °C, reduced the As suboxides and arsenic
accumulation at high-k/GaAs interface, therefore, resulting in the lowered J, and less severe
charge trapping. This fact also implies that forming the stable Ga-S chemical bonds at the
interface will be indispensable in the pursuit of high-performance high-k gate dielectric and
interface on GaAs substrate. Fig. 4.6 shows the XPS spectra for these samples after 500 °C
PDA. It was found that both Ga and As oxide components had been incorporated into the
annealed Gd,Os; films. The estimated concentration of Ga,Oy is 13, 6, and 4% with that of
As;Ox below 3% for the respective samples. The enrichment in the Ga-O relative to As-O
species in bulk Gd>Oj3 can be reasonably understood by the following heat reaction,

GaAs + As,O3 — Gap03 + 4As, (4.4)
and this chemical transformation is thermodynamically favorable at RT. We did observe a
relatively high Ga,O; concentration in the HS sample;,. which was accompanied with the
serious desorption of the interfacial arsenic into high-k dielectric film. As a result, we think
that it is a direct attribute of J, increase-and ether degraded electrical properties.

Figure 4.7 plots the characteristic of Jg versus the CET or EOT along with the previously
published data [3], [5], [13]-[15], [38], [39]. Apparently, we observed that the Gd,O3;/n-GaAs
capacitors through WCP optimization did exhibit the excellent insulating properties as
compared to HfO, dielectrics reported on the n-GaAs in combination with Si or Ge interfacial
passivation layers. A lower CET of ca. 20 A with a reduced J ¢ of ca. 10° A/em? at (Ves+ 1)V
was accomplished. The continuously optimized interface quality via process modification is
expected to further improve the Gd,O3/GaAs electrical performance, which thus be

considered as a promising MOS device structure.

4.5 Conclusions

In Chapter 4, we demonstrated the improved electrical characteristics of the Gd,O;
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dielectric thin films on the n-GaAs substrate by manipulating the wet-chemical clean and
(NH4),S passivation. With the XPS analysis, the HCl-cleaned GaAs surface was characterized
to possess the oxide species mainly in the form of As;Ox near the outmost surface and Ga,Oy
with elemental arsenic close to the interface. These undesirable components could be
suppressed through rinsing in NH4OH alkaline solution and then performing the sulfidization
at 80 °C, as a result, alleviating the Ef pinning effect on the Gd,Os/GaAs capacitor
performance. The higher oxide capacitance and alleviated frequency dispersion at the
accumulation/depletion regimes were achieved, accompanied by the negligible charge
trapping (<100 mV). Accordingly, the gate leakage J, was lowered to ca. 10° A/em” at gate
voltage V, = (Veg + 1) V, which was comparable to the recently reported performance of
HfO,/GaAs structure with an ultra-thin Si/Ge interfacial layer. We attributed the electrical
improvements to the enhanced stabilization of high-A/sulfur-terminated GaAs interface due to

abatement of the native oxides and excess arsenic segregation.
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As 2p3p & Ga2psp

As-As/Asit As,04/Astat Ga04/Gayg As-S/ASot Ga-S/Gaygt

HCI only 15.4 % 45.6 % 27.8% — —
HCI+Sulf .(RT) 14.9 % 34.8 % 27.6 % 5.4 % 7.3 %
HCI+NH4OH+Sulf.(RT) 12.8 % 28.1 % 23.5% 3.5% 11.7 %
HCI+NH4OH+Sulf.(80°C) 12.3 % 229% 23.2 % 2.6 % 12.5 %
Table. 4.1 Chemical ratios of As 2ps,; and Ga 2ps); spectra for the cleaned GaAs surface
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Chapter 5

Atomic-Layer-Deposited Al,O3 Dielectric Films

on GaAs Substrates

5.1 Introduction

Presently, GaAs materials are used widely in such applications as optoelectronic devices,
photodiodes, high-electron-mobility transistors (HEMTs), and other high-frequency devices.
In attempts to obtain superior performance rivaling or exceeding that of transistors on
traditional Si-based substrates, various high-k gate dielectrics have been examined on
high-mobility ITI-V substrates, especially.GaAs- and InSb-based compound materials [1], [2].
Studies into competitive insulators on compound semiconductors and efficient passivation
methods have been performed for “more than_four decades; the poor quality of the
insulator—substrate interface has been the foremost obstacle hindering the realization of I1I-V
metal oxide semiconductor (MOS) devices. In addition to SiO, and SisNg [3],
atomic-layer-deposited (ALD) Al,Os [4], (Gd,Ga),0; [5], and HfO, high-k dielectrics [6] are
also potential candidates for use on GaAs substrates. Surface sulfide treatment and the use of
ultra-thin Si or Ge interfacial passivation layers are both practical techniques for improving
electrical characteristics. The passivation of GaAs surfaces with Na,S or ammonium sulfide
[(NH4)2S] prior to deposition of the gate dielectric has been reviewed comprehensively [7],
[8]; the improvement in the device performance depends strongly on the sulfide treatment
procedure [9]. The in situ deposition of several Si or Ge monolayers on GaAs [10], [11] can
reduce the interfacial state density to ca. 10'°-10"" cm? eV '; this passivation technique has
received renewed interest in recent years [12].

Subsequent thermal annealing can further improve the quality of insulator films
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deposited on GaAs [13]. Meanwhile, during high-temperature processing it is important to
inhibit the loss of As within the GaAs substrate and also suppress the formation and
subsequent incorporation of native oxides; these processes lead directly to electrical
deterioration in GaAs MOS capacitors [14]. The impact of rapid thermal annealing on the
properties of various high-k/GaAs structures has been studied previously [15]; the gas used in
the annealing process influences the thermochemical mechanism as well as the interfacial
quality [16]. Nevertheless, correlations between these thermal reactions and the MOS
performance have not been established in detail. In this session, we examined the material and
electrical characteristics of ALD-Al,O3 thin films deposited on an (NHy),S-treated GaAs
surface and then monitored the impact of thermal annealing processing. The nature of the
annealing environment also affected the electrical properties; this behavior could be
interpreted by considering the latent thermodynamic mechanisms, which we identified from
the physical analyses. Furthermore, in order to.nctease the effectiveness of sulfur passivation
[17], different alcohols with a lower dielectric.constant, e.g., C4HyOH, can be used as solvents,
in which the improvement of surface quality has been evidenced by an increase in
photoluminescence intensity [17], [18], lower surface band bending [19], and reduced surface
barrier height [20] of GaAs substrates. Nevertheless, the effects of the alcoholic solutions of
(NH4)2S on the practical electrical characteristics are still rare. Consequently, we also
investigated the effects of the (NH4),S-C4sHoOH chemical passivation on the interface and
capacitor properties of the ALD-Al,03/GaAs structure. Our experimental findings verified the
replacement of H,O with C4H9OH as sulfidizing solvent that assisted to obtain the better

electrical performance.

5.2 Experimental Procedures
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n-Type GaAs substrates having a doping concentration of ca. 1 x 10" cm™ (resistivity <
0.01 Q-cm) were first rinsed in acetone (ACE) and deionized (DI) water for 1 and 5 min,
respectively. Subsequently, dilute HCI solution (HCI/DI water, 1:10) was used to etch the
surface native oxides. After wet chemical cleaning, the samples were dipped into aqueous
ammonium sulfide solution [(NH4),S/DI water, 1:50] with different immersion durations, e.g.,
30 s or 30 min, to passivate the GaAs surfaces prior to deposition of the dielectric. The Al,O;
films were deposited in ALD system at substrate temperatures of 100 and 300°C.
Trimethylaluminum [Al(CH3);] and H,O were chosen as the metal source and oxidant,
respectively; they were pulsed alternately into the reactor for 1 s per pulse, separated by a N,
purge of 10 s to remove redundant reactants. The deposition rate was ca. 1.0-1.1 A s™'. For
comparison, the as-deposited Al,O; dielectric films were subjected to post-deposition
annealing (PDA) at 600 °C in either a'N> or O, ambient. The RTA system was purged
cyclically by pumping down to 25 torr and refilling-the feed gas; the chamber pressure was
then maintained at 1 atm during annealingpafter flushing the gas. The top Pt gate electrode
was formed via shadow mask sputtering; thermal evaporation of Al formed the backside
contact; the capacitance area of the formed Pt was ca. 4 x 10" cm?, measured using an optical
microscope. In addition, post-metallization annealing (PMA) was performed at 400 °C for one
sample to evaluate the thermal stability of the fabricated Pt/Al,O3/GaAs structures. On the
other hand, for examining effects of the solvent used in GaAs sulfidization, we also applied a
series of ammonium sulfide treatments, as listed in Table 5.1. Here, two kinds of solvents, DI
water and C4HoOH, were used to dilute the (NH4),S solution, in which the treated
temperatures were set at room temperature (RT) and 60 °C, respectively, and the soak time
was kept at 1 min.

The surface morphology of GaAs after the DI water rinse was characterized by the
atomic force microscopy (AFM). High-resolution transmission electron microscopy (HRTEM)
was used to characterize the variations in thickness of the deposited AlL,O; film after
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processing under the two different annealing environments. The respective structural
composition, sulfur bonding configuration, and oxide removal efficiency were examined
using the secondary ion mass spectrometry (SIMS) and x-ray photoelectron spectroscopy
(XPS) with an Al Ka radiation source (1486.6 eV). To extract each chemical component from
the photoemission spectra, a rigorous fitting process was adopted: after the peak positions had
been ascertained, they were applied to reconstruct the original spectra and then to extract each
respective contribution. During the deconvolution of the spectra, the peak areas were varied
while maintaining the full width at half maximum and the ratio of the Gaussian to Lorentzian
distribution constant. In addition, we measured the frequency-dependent capacitance—voltage
(C-V) and current—voltage (I-V) characteristics using an HP4284 LCR meter and a Keithley
4200 system, respectively, to determine the quality of the Al,O3;—GaAs interface. The interface
state density (D;j)) was calculated using the conductance method [21] based on the measured

conductance—voltage (G-V) curves.

5.3 Temperature-Dependent Growth of ALD-AI,O3/GaAs Films

The frequency-dependent and bidirectional C-V curves of Pt/100°C-Al,03/n-GaAs MOS
capacitors are shown in Figs. 5.1(a) and 5.1(b), respectively. As seen, the as-deposited sample
apparently showed C—-V stretch-out behavior accompanying with the lower oxide capacitance;
the clockwise hysteresis width was also presented. Even though annealing the sample at 600
°C in an O, ambient exhibited the higher accumulation capacitance, it also caused a large
flat-band voltage (Veg) shift with respect to the measured frequency, implying the generation
of slow states at and/or close to the interface. As the (NHy),S treatment was further employed,
the highest accumulation capacitance with steep C-V slope presented; meanwhile, the smaller
hysteresis behavior was also found. We suggested that the sulfide passivation can improve the

interface quality between Al,Os3 high-k dielectric and GaAs substrate due to the native oxide
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suppression and enhanced thermal stability.

Figure 5.2 shows the corresponding |-V characteristics. It was noticed that
high-temperature PDA obviously increased the gate leakage current (Jg) by more than two
orders, at gate bias Vg above 2 V. From XPS analysis (not shown), we found that a small
amount of As metal and both native oxides have been incorporated into bulk Al,O; during
annealing; the resultant contamination are believed to be responsible for a huge increase in Jg.

The quality of Al,O3; deposited at 300 °C on GaAs are examined in Fig. 5.3(a); the inset
shows the Weibull plot of Jq distribution at Vg = 2V. The (NH4),S-treated sample relative to
the HCl-last sample exhibited the higher oxide capacitance and smaller C-V frequency
dispersion, which is similar to the examination in ALD-Al,O3 at 100 °C. The corresponding Jq
seemed to be slightly lower than that in the sample without sulfide process, but, with the
broad distribution in the Weibull plot, reflecting the fact that the distribution of sulfur bonding
is an important role in gate leakage performance. Besides; as illustrated in Fig. 5.3(b), all
300°C-ALLO; samples were found to show itheé better-Jy performance, where the nearly four
orders of magnitude reduction in Jq at the capacitance-cquivalent-thickness (CET) of 40 A,

with respect to the 100°C-Al,O3 samples.

54 Effect of Interfacial Sulfidization

5.4.1  Surface Chemistry of Sulfidized GaAs Surface

Figure 5.4 displays As 2ps» and Ga 2ps;, photoemission spectra of the as-deposited
AlLO3/GaAs bilayer with and without (NH4),S interfacial passivation; the thickness of the
overlying AL,O; thin film after 60 deposition cycles was ca. 63 (£3) A. Thus, we employed
the high surface sensitivity of this technique (maximum sampling depths of ca. 31 and ca. 55

A for the As 2ps» and Ga 2ps» spectra, respectively) to characterize the content of
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GaAs-related chemical species diffused into the high-k layer [22]. In accordance with the Ga
2pasp2, As 2pap, Al 2p, and O 1s core levels, we evaluated the average concentration of existed
GaAs oxides and the stoichiometric ratio of O to Al, based on the mixture of Ga,O, and As,O,
in the Al,O, bulk layer. As indicated in Table 5.2, the concentrations of both the Ga and As
oxide species were much less than 0.5%. So that, we infer that both kinds of native oxides,
As;O and Gay0y, in the forms of their stoichiometric oxides and suboxides more likely
formed close to oxide-substrate interface. But, we cannot rule out the possibility that a tiny
amount of As oxides diffused into the Al,O; high-k film during deposition at substrate
temperature up to 300 °C. Besides, the formation of these oxides, in particular the gallium
oxides, could be suppressed by forming Ga- and As-related sulfur bonds at the dielectric
interface. Interestingly, it appears that, the stoichiometry of Al,O, in the deposited film may
correlate with the degree of GaAs oxides formed nearby the interface. Provided that Al,O5
was directly deposited on GaAs, the O/Al chemical ratio was as high as 1.75, i.e., an
oxygen-enriched Al,Oy dielectric- filmy long-term sulfide immersion could return this value to
a nearly ideal stoichiometric ratio of 1.57 as a result of the enhanced surface stability.

The As 3d and Ga 3d core level spectra in Fig. 5.5 allowed us to characterize the
interfacial composition close to the substrate, because the inelastic mean free paths (IMFPs)
were above 25 A. We found that an amorphous As layer was present on the bulk GaAs;
moreover, its content could be decreased upon chemical treatment with (NHy),S. We suggest
that these interfacial As atoms could have arisen through two mechanisms: (a) the dilute HCI
solution used to clean the GaAs might have led to the formation of elemental As atoms
covering the GaAs surface [23]; (b) thermal transformation of the surface As oxides might
have occurred through reactions with the GaAs substrate [24]. The As suboxides can desorb at
ca. 150-200 °C, and the As;Oy species having higher oxidization states (x = 3 or 5) will
sublime at temperatures of ca. 250-300 °C [24]-[26]. This ready thermal desorption indicates
that mechanism (b) probably occurred during ALD deposition at 300 °C. We also calculated
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the relative contributions of elemental As and the As;Oy and Ga,Ox components in the
respective As 3d and Ga 3d spectra (Table 5.3). Evidently, the sulfur-terminated GaAs surface
successfully decreased the content of the As-rich layer and its chemical oxides.

The O 2s photoelectron signal observed at 23.4 eV, which mostly originated from the
overlying Al,Oj3 thin film, overlapped with the Ga 3d core level. The content of Ga—O oxide
species existing near the Al,Os—GaAs interface decreased after sulfidization. According to the
literature [27], [28], the Ga—S chemical bond, relative to the As—S bond, has the higher bond
strength up to 400 °C, thereby effectively restraining the growth of Ga,Oy. These sulfur
species are not readily identified in a S 2p spectrum because of partial overlap with the signal
of bulk Ga 3s, but a small number of GaSy bonds were detectable at a peak position of ca.
162.2 eV (not shown here) [29]. Along with the high stabilization of the Ga,0O3 stoichiometric
oxide, these features taken together reasonably explain the absence of the Ga—O signal in the
Ga 2pay; spectra after surface sulfidization. In view of the improved behavior, we believe that
the sulfur-terminated GaAs substrate. enhanced..the deposition quality and dielectric

stoichiometry of the ALD-AIl,O3 thin films:

5.4.2  Capacitor and Gate Leakage Characteristics

Figure 5.6 displays the C-V and |-V characteristics of the various samples. The
(NHy4),S-treated sample displayed a higher oxide capacitance accompanying a decreased C-V
frequency dispersion, relative to those of the untreated sample; a reduction in hysteresis width
and J, were also achieved [Figs. 5.6(b) and 5.6(C)]. These results are indicative of the
abatement of the Fermi level pinning effect in the capacitor properties; in other words,
modulation of the surface potential and carrier manipulation was enhanced. As stated above,
sulfide pretreatment suppressed the amounts of unstable As—As and As—O species, which are

believed to be a source of high-density interfacial traps. The value of Dj; close to the midgap
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was estimated to be ca. 1 x 10" cm™? eV for the untreated sample; subsequent sulfide
passivation reduced this value to ca. 7 x 10> cm ™ eV™'. Previous studies have found that
sulfidized GaAs improved the MOS characteristics as a result of eliminating As-related
surface defects [30], [31]. The subsequent PMA at 400 °C, however, not only caused a larger
frequency dispersion and broadened hysteresis width at the depletion region but also
increased the value of J, by nearly four orders of magnitude. The underlying mechanisms

responsible for the PMA-induced gate leakage degradation are discussed below.

5.5 Effect of Postdeposition Annealing Ambient

55.1 Structure Analysis

To explore the degradation ofithe electricalichatacteristics that were due to N, annealing,
we first compared HRTEM images of the Pt/Al,O; bilayers deposited on the sulfide-treated
GaAs after post-deposition annealing under'Ns-and O, atmospheres [Figs. 5.7(a)—(c)]. We did
not observe the existence of the interfacial layer (IL); the deposited Al,Os also exhibited an
amorphous phase after PDA at 600 °C. Most importantly, the O,-processed sample revealed a
bright Al,O; thin film and an interface that was indistinct with respect to the upper Pt metal
and GaAs substrate, whereas the Ny-processed sample revealed a relatively dark, thick Al,O3
film possessing a sharp interface. We believe that the O, used as the feed gas was effective in
densifying the ALD-Al,O3 gate dielectric and repairing the inner bond imperfections, e.g.,
dangling bonds and oxygen vacancies. Meanwhile, a great degree of inter-diffusion occurred
at the dielectric—substrate interface, which can be attributed to the relatively high probability
of oxygen diffusing into the GaAs substrate [32], resulting in the blurred interface for the

O;-processed system.

5.5.2  Capacitor and Gate Leakage Characteristics
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Next we examined the impact of thermal annealing on the multi-frequency C-V curves,
as illustrated in Figs. 5.8(a) and 5.8(b); each inset displays the C-V hysteresis width
measured at 100 kHz. For both deposition conditions, the O,-annealed samples exhibited
higher oxide capacitance and decreased hysteresis phenomena with respect to the Ny-annealed
samples; we attribute this finding mainly to the highly improved dielectric quality and the
thinner film thickness. We also found that electron trapping was responsible for the clockwise
hysteresis loop [16], where the hysteresis widths after O, and N, PDA were ca. 0.3 and ca. 0.4
V, respectively. This situation reflected the smaller density of slow traps that resided around
the dielectric interface after performing O, annealing. In contrast, the |-V characteristics in
Fig. 5.9 are remarkably different: N, PDA severely deteriorated the J, characteristics, as in the
PMA case in Fig. 5.6(c), whereas the O, ambient alleviated the degradation phenomenon.
From a plot of the J, (at V, = 2 V) versus the CET, the value of J, at a CET of 40 A was
reduced by nearly three orders of magnitude after replacing N, with O, as the annealing gas
(inset to Fig. 5.9). We ascribe the dramatigally. increased value of J, to one or both of the
following mechanisms: (a) the elemental ‘As-overlayer that acted as a metallic contamination
source nearby the oxide—bulk interface increased the surface recombination velocity, with fast
diffusion resulting in poor insulator properties; (b) high-temperature processing caused the
generation of surface pits or holes within the GaAs substrate, thus increasing the surface
roughness [24]. Excess As atoms might have been produced during either the decomposition
of GaAs itself or the chemical transformation of oxide species through reactions with the bulk
GaAs; meanwhile, the inhomogeneous voids formed also deteriorated the surface morphology.
We expected a relatively low density of formed voids after annealing because of the coverage
of an amorphous Al,O; film on GaAs substrate. Thus, we inferred that the N,-annealed
Al,O3/GaAs structures suffered from relatively severe desorption and transformation of the
As;Ox and Ga,Ox mixed oxides; in addition, more As atoms were segregated at the interface.
In light of this behavior, we would expect degradation of the gate leakage characteristics to be
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accelerated after N, annealing. To support our hypothesis, we performed a dielectric reliability
test (Fig. 5.10) with regard to this degradation behavior. The Pt/ALD-Al,03/GaAs capacitors
were stressed under the constant V, of 5 V and a constant oxide electrical field (Eox) of 8.5
MV-em . Irrespective of the dielectric stress method employed, we found that the
sulfidization procedure improved the dielectric reliability. The sulfidized sample that
underwent subsequent O, annealing possessed superior dielectric reliability, relative to that
which underwent N, annealing, in accordance with the slower rate of increase in the value of
Jg. These findings indicate that the annealing environment is a crucial factor in determining
the electrical performance of high-k/GaAs structures. The degraded quality of the N,-annealed
sample with respect to the O,-annealed one shall be closely linked to severe As,Ox desorption
and the extent is not so drastic to cause the increase of the interface roughness. This is
because a relatively low temperature of 600 °C annealing was employed as compared to the
previous observation reported by M.' Passlack et al.-that the Ga,03/GaAs interface is very

smooth after annealing below 700 °C and severely degrades with 780 °C annealing [15].

5.5.3 Thermochemical Reactions and Composition Analysis

Table 5.4 provides a comprehensive list of the accessible solid state reactions involved in
the Ga—As—O phase diagram [33], [34] to aid us in determining the transformation
phenomena that occurred during annealing. The critical temperature T, is defined as the
temperature at which the reaction becomes thermodynamically favorable, i.e., where the
Gibbs free energy of formation (AGy) is less than zero; we obtained the values of T, from
experimental results reported in the literatures [24]-[26], [37]. We also calculated the value of
NGy for each of these stoichiometric equations [35], [36]. If AGy is greater than zero, the
chemical reaction will not proceed; for example, the mechanisms associated with Ga,O

formation are inhibited at RT, but an increase in temperature enhances the driving kinetics of
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the reaction. Because various kinds of GaAs chemical products desorb and/or transform
during high-temperature processing, we performed XPS and SIMS analyses to better
characterize the electrical differences.

The As 2ps, and Ga 2ps; spectra in Fig. 5.11 indicate that the diffusion of GaAs
chemical species was enhanced within the Al,O3 gate dielectric after thermal annealing; we
extracted the contribution of each chemical component. In the following discussion we denote
the Nj-annealed capacitor that underwent sulfide treatment as the “SN-sample” and denote the
Os-annealed capacitors without and with sulfide treatment as the “O-sample” and
“SO-sample,” respectively. The As 2ps/, spectra revealed an increased incorporation of arsenic
oxides, including As;Os, As;Os, and AsOy, relative to their content in the as-deposited Al,O;
film. We observed similar behavior in the Ga 2psj; spectra: both the Ga,O; and GaOy oxides
were slightly enriched after annealing, with the SN-sample having relative higher
concentrations. From the atomic quantification, Table ‘5.5 indicates that the amount of
diffused arsenic oxides was larger, by about.one.order of magnitude, than that of the gallium
oxides in the annealed Al,Os; this behavior is:similarto‘that of the oxide layer formed during
thermal oxidation of a GaAs surface [39]. In addition, only the O-sample after annealing at
600 °C presented an oxygen-enriched Al,Oy film; we attribute this finding to a portion of the
sulfur atoms filling a number of vacancies inside the high-k gate dielectric, thereby avoiding
over-oxidization in the sulfidized samples during PDA.

Table 5.4 (part A) indicates that the value of T, for the desorption of arsenic oxides
ranges from 150 to 350 °C; these transformations are thermodynamically favorable at RT. In
contrast, the higher thermal stability of the Ga-based oxide compounds inhibits the reduction
of nonvolatile Ga,0s into Ga,O (Table 5.4, part D); consequently, its value of T, is higher
(400-600 °C). Because of the low sublimation point of the oxides of arsenic, volatile As;Os3
oxide first reacts with either the GaAs substrate or interstitial Ga atoms to form a Ga,0; layer
and segregated As close to the interface. It is possible that the highly stable Ga,Os oxide also
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reacts with the substrate again to produce non-stoichiometric Ga,O along with the As
co-products under high-temperature annealing at 600 °C. Most of these As species—in the
form of elemental As and/or gaseous Ass—are oxidized during the desorption event and then
trapped inside the dielectric film. Note that Ga,O; formation can arise through several
transformation paths; for example: As,O3 + 2GaAs — Ga,03; + 4As or Ass. Because the O;
environment provides additional reaction paths (Table 5.4, part B), the content of chemical
products is likely to be somewhat different to that in the N, annealing case. This situation can
be explained in terms of the chemical reaction principle that kinetics naturally drive several
oxidation mechanisms—e.g., the oxidation of GaAs, As, and As;—resulting in a deceleration
of the rate of transformation of As,Ox compounds as well as the generation of As defects in
the O, ambient [41]. In addition, even if molecular oxygen prefers to react with Ga atoms
over As atoms, the As species will still have a higher probability of oxidation because they are
more readily desorbed [42]. When the content of arsenic oxides increases in the upper area of
the dielectric film they can act as a bloeck, . which in turn hinders the diffusion of oxygen into
the dielectric—substrate region. Theése phenomena result in our observation of an enriched
amount of As,Ox with a low Ga,Ox concentration for both the SO- and O-samples, a finding
that is opposite to the behavior of the SN-sample. Another interesting phenomenon visible in
the 2pas, spectra is that PDA under N resulted in the formation of some metallic As, whereas
some elemental Ga appeared after PDA under O,. This finding provides direct evidence of the
fast generation of As species in the N, ambient. On the other hand, as far as the source of
these Ga atoms is concerned, we speculate that the oxidation of the Al,03/GaAs interface and
decomposition of the GaAs substrate are responsible for the supply of free Ga atoms [26],
[41]. It should be pointed out that as regarding the reactions related to Al and these in-diffused
Ga or As oxides, most possible reaction we presume is the reaction of Al,O; with Ga;0s, due
to the higher thermal stability relative to As,Os;. However, in our study the highest RTA
temperature is 600 °C, probably not enough to make Al react with Ga oxides [43]; these
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thermal processes are excluded here and still need further investigation.

Figure 5.12 presents the highly bulk-sensitive As 3d and Ga 3d photoemissions; Table
5.6 provides the chemical bonding ratio of the contributed chemical components for
convenient characterization. We observe that annealing at 600 °C further decreased the
percentage of interfacial As presented in the overall As 3d spectra, with respect to that in the
as-deposited Al,03/GaAs structures (Fig. 5.5, Table 5.3). Even though the desorption event
contributed to the formation of either As or Ass, most of the As atoms escaped into the
atmosphere or were further oxidized into various oxidation states. A substantial amount of
Ga,O oxides was generated accordingly through chemical transformation. We also observed
that the additional sulfide pretreatment of the SO-sample made it (relative to the O-sample)
more highly resistant to the growth of these undesirable components. Fig. 5.13 illustrates the
respective SIMS depth profiles; the thickness of the AlO; thin film, which was deposited at
300 °C for 50 cycles, was ca. 50 (+£3) A 'after PDA at 600 °C. Of primary interest is the
distribution of the As, Ga, and S species inithe overlying Al,O; high-k film. We found that a
higher concentration of As was presented:around: the bottom of the Al,Os; bulk film,
coinciding with the diffusion of As-enriched oxides and the interfacial arsenic layer. Another
feature is the observation of a small tails of Ga species at a depth of ca. 10-30 A for the SO-
and O-samples only, probably related to a trace of out-diffused Ga elements, the detailed
mechanism of which requires further investigation. On the other hand, the S signal detected in
the O-sample was due to mass interference of molecular oxygen in the SIMS analysis of the
oxide film. We believe that the S atoms did exist even after high-temperature processing, as
determined after subtracting the induced signal of the mass interference used as the baseline
background. The corresponding XPS analysis in Table IV indicates that the sulfidized samples
were relatively less oxygen-excessive (Al/O ratio = 1.78) with respect to the HCI-last sample
(Al/O ratio = 2.2). Meanwhile, the smaller C-V hysteresis width after sulfidization is
indicative of less charge trapping in the Al,O; dielectric (not shown here). Thus, we conclude
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that most of the S atoms diffused into the high-k film and probably occupied either the
vacancy sites or pre-existing defects; as a result, this process facilitated the improvement in

the quality of the Al,O; gate dielectrics as well as their electrical performance.

5.6 Effect of (NH,),S Sulfidization Solvent

5.6.1 Surface Chemistry and Morphology Analysis

Figure 5.14 shows the Ga 2ps3, and As 2p3» photoemission spectra of GaAs substrates
subjected to the (NHy),S-C4H9OH sulfidizing treatments with different concentrations and
temperatures, respectively. As seen, the deconvoluted peaks of Ga-S, Ga,0, and Ga,O3 were
observed in Ga 2p;3,; spectra at the respective binding energy of 0.65, 1.0, and 1.6 eV above
the GaAs substrate. While the As$ 2ps. spectra also presented the signals of As-As, As-S,
As,03, and As,Os at the respective binding energy of 1.0, 1.7, 2.95, and 3.95 eV above the
GaAs substrate. Table 5.1 summarizes the signal ratios of these surface chemical species on
GaAs. It was found that the NH4OH rimse decreased the content of As-As species and native
oxides obviously, as compared to the results presented in the DIW-rinsed sample. Subsequent
immersion of (NH4),S-based solution can make the amount of As-related species reduce
continuously. Here, we are of more interest in the surface modification of GaAs by replacing
H,0 with C4HyOH as sulfidizing solvent; evidently, not only the removal efficiency of AsOy
species accelerated but also more sulfur ions bonded to GaAs with either raising the
concentration to 10% and/or the temperature to 60 °C. These observations can be attributed to
the stronger electrostatic interaction between the sulfur ion and the GaAs surface by
decreasing the solvent dielectric constant & from 80.1 (H,O) to 12.5 (C4HoOH). Even if V. N.
Bessolov et al. [17] brought up that the change of the alcoholic solvents in (NH,4),S solution,

relative to that in Na,S solution, had a minor enhancement on the sulfur passivation on GaAs,
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a higher degree of the sulfur coverage was actually observed from XPS analysis as a result of
the increased chemical activity in sulfidized solution. As compared to the results in the RT
case, a remarkable feature was the amount of As-As species that increased slightly from 8.4%
to 10.9% at higher temperature of 60 °C. Such an increase in the elemental As on GaAs
surface did lead to severe leakage degradation of the ALD-AL,O3; deposited film (not shown
here). In general, the resultant suppression of GaAs defects is able to boost the interface and
film qualities of the deposited insulator. As the AFM images displayed in Fig. 5.15, the flatter
morphology of GaAs surface was observed with the help of the sulfidized immersion, giving
the evidence of the interface improvement. The root-mean-square (RMS) roughness of
NH4OH-cleaned GaAs surface was ca. 0.28 nm and then reduced to ca. 0.22 nm by rinsing in
(NH4),S-C4HoOH solution (10%) at 60 °C.

Figure 5.16 presents the TEM image of as-deposited Pt/ALD-Al,03/GaAs capacitor, in
which the thickness of Al,O5 film is ca. 62.A for 60 deposition cycles. We did not observe the
existence of an obvious IL between the-Al,@3 and the GaAs; which should be correlated to the
self-cleaning of GaAs native oxides at the inmitial stage of ALD deposition [44], [45]. Such
behavior of the bonding replacement between ALD metal precursor and As,Ox(Ga,0Ox) has

been also manifested in the recent studies of ALD-HfO,/GaAs growth [46], [47].

5.6.2  Capacitor and Gate Leakage Characteristics

Furthermore, the impact of the sulfidizing solvent and PDA on the -capacitor
characteristics was examined. As the frequency—dependent C-V curves shown in Figs. 5.17(a)
and 5.17(b), the alcoholic-(NHy),S solution increased the value of accumulation capacitance,
and subsequent O, PDA improved the C-V dispersion further. For the NH4OH-cleaned GaAs
capacitor, the capacitance-equivalent-thickness (CET) extracted at 1 kHz was ca. 3.78 nm and

its values were reduced to ca. 3.54 and 3.75 nm for the sulfidized GaAs samples before and
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after 600 °C thermal annealing, respectively. We qualitatively inspected the improvement of
capacitor characteristics through variations of the /AC and /\V that were defined as follows:
AC(@Vg=4V) =1 - Cae(@100 kHz) / Coee(@1 kHz) (5.1)
AV(@Crg) = V(@1 kHz) - V(@100 kHz), (5.2)

where A\C is the deviation of the accumulation capacitance measured at 1-kHz and 100-kHz
for the V, of 4 V, while AV is the voltage difference between 1-kHz and 100-kHz C-V curves
achieving the value of the flatband capacitance (Crg). As the results plotted in Fig. 5.17(c),
both values of AC and AV showed the decrement with the C4H9OH solvent used, an
increased sulfidizing concentration, and in particular the implement of post thermal annealing.
The lowest values of AAC and /A\V obtained were 13.6% and 0.69 V, respectively, by
performing 10% (NH4),S-C4sH9OH interfacial treatment with 600 °C O, PDA; a
corresponding Dj; value of 5 X 10" e¢in?eV! was évaluated.

Figure 5.18(a) displays the J, characteristics' and the results indicate that the sulfur
passivation is effective to suppress the-diclectric leakage current and the alcoholic-(NHy),S
solution can boost the thermal stability further.* The treatment of 10% (NH4),S-C4HyOH
apparently led to the better leakage performance that the respective values of J, at Vg = (Vg +
1) V were ca. 7 x 107 and 1 x 10™ A/cm’ before and after 600 °C PDA in O, ambient. By
plotting the J, versus CET, as shown in Fig. 5.18(b), the fabricated ALD-Al,O3/GaAs
capacitors exhibited the comparable J, characteristics to the previous studies of the sputtered
HfS11.4O/n-GaAs [2] and HfO«N,/p-GaAs [48] structures, respectively. However, the
capacitor performance was inferior than the results of ALD-Al,O3 [49], -HfAIO [50], -HfO, [6]
films and metal-organic chemical vapor deposition HfO, film [51] on GaAs substrates from
other research groups, indicating that the film quality of the deposited Al,Os itself still needs

the growth optimization.
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5.7 Conclusions

In Chapter 5, the ALD-Al,Os3 films deposited on GaAs substrate at 300°C relative to that
at 100°C showed the nearly four orders of magnitude reduction in gate leakage current at the
capacitance-equivalent-thickness of 40 A. Next, we examined the interfacial chemistry of the
Al,0O3/GaAs and the impact of sulfidization and thermal annealing on the properties of the
resultant capacitor. It was observed that sulfidized passivation actually improved the effect of
the Er pinning on the electrical characteristics, thereby providing a higher oxide capacitance,
smaller frequency dispersion, and reduced surface states, as well as decreased interfacial
charge trapping and gate leakage current. Photoemission analysis indicated that the
(NHy4),S-treated GaAs improved the quality of the as-deposited Al,O; thin film and preserved
the stoichiometry of the dielectric duripg 'subseéquent high-temperature annealing. This
behavior was closely correlated to the=diminution of GaAs native oxides and elemental-As
defects and their unwanted diffusion. In addition; thermal processing under an O, atmosphere,
relative to that under N,, decreased the thickness of the Al,O; gate dielectric and relieved the
J, degradation induced by metallic arsenic; as a result, superior dielectric reliability was
attained. We discussed the underlying thermochemical reactions that account for these
experimental observations. Furthermore, it was also found that degreasing GaAs into (NHy4),S
solution with C4HyOH used as solvent clearly reduced the amount of As-As and AsOy surface
species and formed more sulfur bondings to GaAs; the flatter surface morphology was also
characterized. A higher electrical improvement was indeed presented by replacing H,O with
C4HyOH as sulfidizing solvent, again thanks to the elimination of more As-related defects as
well as the higher sulfur coverage on GaAs. It is believed that the (NHy4),S-C4HoOH treatment
can be adopted on the InGaAs/InSb substrates or integrates with other passivation methods to

provide the better surface quality for realizing high-performance high-k/I11-V devices.
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As 2pap; and Ga 2psy;

As-A=/AS L ASOL ARy GaxO/Gagy AS-S/AS Ga-S/Gaggry

D. I. water only 16.6% 46.8% 34.1% — —
NH,OH only 15.2% 39.8% 20.4% — —
+19%-Sulf (H,0) 14.1% 29.2% 21.1% 7.9% 8.9%
+1%-Sulf.(C,H,OH) 13.9% 23.7% 20.9% 9.2% 10.5%
+10%-Sulf.(C4H,OH) 8.4% 15.4% 20.4% 9.7% 11.2%
+10%-Sulf (C4H,OH-60°C) 10.9% 10.2% 19.7%% 12.0% 12.2%

Table. 5.1 Chemical ratios of As 2ps; and Ga 2ps, spectra for the GaAs substrate after
undergoing different wet-chemical procedures. Note that the surface of all

samples has been exposed to air for ca. 10 min prior to chemical analysis.
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Ga As Al O O/Al ratio

Control (HCI/H,0, 1:10) 0.2% 0.2% 36.3% 63.3% 1.75
(NH4)284q (2%, 30 s) 0% 0.1% 36.9% 63.0% 1.70
(NH4)28aq (2%, 30 min) 0% 0.05% 38.8% 61.15% 1.57

Table. 5.2 Calculated relative concentrations of GaAs oxides and stoichiometric O-to-Al
ratios in as-deposited ALD-AIl,O; thin films before and after chemical
treatment with (NH,),S. Note that the As 2ps, Ga 2ps2, Al 2p, and O 1s core

levels were used by considering the atomic sensitivity factor.

As 3d and Ga 3d

As-As/AsToal As70:*/ AsTotal Ga,O**/Garoral
Control (HCI/H,0, 1:10) 18.5% 5% 17.70%
(NH4)282q (2%, 30 5) 13.4% 0% 9.84%
(NH4)28.4 (2%, 30 min) 12.8% 0% 8.86%

*The As2Ox chemical species include As;Os, As20;, and As suboxides.

**The Ga,Ox chemical species include Ga;Os and Ga suboxides.

Table. 5.3 Chemical bonding ratios of As 3d and Ga 3d core levels determined by fitting
the XPS data from Fig. 5.5. Note that the contribution of the O 2s emission has

been excluded.
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T. (°C) AGr (kI mol™)

A. Transformation reactions:®

(1) 4AsOx(s) > 4As(s) or
150-200 °C —
Asa(g)! + xO(g)
(II) As203(s)+ 2GaAs(s)—> —280/-225 (@300 K) &
290-350 °C
Ga,0s(5)+ 4As(s) or Asa(g)} —277/-233 ({@600 K)
(IID) As,O3(s)+ 4Ga(s, D) — —564 (@300 K) &
Ga,0;(s)+ 2GaAs(s) —521 (@600 K)
(IV) As20a(s)+ 2Ga(s,[)— —422/347 (@300 K) &
GayO3(s) + 2As(s) or Asa(2)1 —399/-403 (@600 K)
(V) Ga(s,[)+ As(s) = GaAs(s) — —70 (@300 K) & —50 (@900 K)
B. Oxidation reactions:®
(D 2GaAs(s)+3/20(2) >
— —435 (@300 K) & -376 (@600 K)
As20s(5)+ 2Ga(s, )
(II) 2Ga(s, D)+ 3/202(g) — Ga03(s) — -999 (@300 K) & —896 (@600 K)
(III) 2As(s)+ 3/202(g) — As20i(s) — =576 (@300 K) & —497 (@600 K)
(IV) As203(5)+ O2(g) — As20s(s) — —207 (@300 K) & —141 (@600 K)

Table. 5.4 Solid state chemical reactions of Ga—As-O associated systems. All these

equations are separated into four parts.
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T. (°C) AGr (kT mol™)

C. GaAs decomposition/As vaporization reactions (inhibited at room temperature):

(T) 2As(s5) = Asa(g) 300 °C 139 (@300 K) & 48 (@875 K)
(IT) 4As(s) —> Asa(g) 300 °C 76 (@300 K) & —81 (@875 K)
(IIT) 4GaAs(s)— 4Ga(s, ) 280/379 (@300 K) &
500-600 °C
+ 4As(s) or Asa(2)1 200/195 (@900 K)

D. Ga,0O formation reactions (inhibited at room temperature):*

(D) As203(s5)+ 6GaAs(s) —>
— 6/202 (@300 K) & << 6 (@600 K)
3GaO(s)+ 8As(s) or 2As4(2)]

(IT) Ga,O3(s) + 4Ga(s, 1) —> 3Ga,O(s) 500600 °C 7 (@300 K) & << 7 (@900 K)
(TIT) Ga,03(s) + 4GaAs(s) = 287/385 (@300 K) &
400-500 °C
3Ga,0(s) + 4As(s) or Asy(g)] << 287 (@900 K)

Ref. 25,2640, °ref. 41, and “ref. 26, 36.

The standard molar Gibbs free energy of formation (A\Gr) for Ga,O(s) was assumed to
be 330 kJ mol ™", based on the standard molar enthalpy of formation (/\H¢) of —356 kJ mol™
at 300 K (ref. 35).

*Ref. 26,38,40.

Table. 5.4 (Conti.) Solid state chemical reactions of Ga—As—O associated systems. All

these equations are separated into four parts.
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Ga As Al O Q/Al ratio

Sulfide + N> 600 °C PDA 0.3% 2.0% 34.8% 62.9% 1.80
Sulfide + O, 600 °C PDA 0.11% 2.94% 35.1% 61.8% 1.76
0, 600 °C PDA only 0.24% 3.87% 30.0% 63.8% 2.19

Table. 5.5 Calculated relative concentration of GaAs oxides and stoichiometric O-to-Al
ratios in the N,- and O,-annealed ALD-AIl,O3 thin films with and without

(NHa),S surface passivation.

As 3d & Ga3d
As—As/Asoal A 0% Asoral - Ga0x™*/Garoral
Sulfide + N, PDA at 600 °C 10.6% 20.6% 17.4%
Sulfide + Oy PDA at 600 °C 6.2% 26.0% 16.8%
O, PDA at 600 °C only 9.2% 30.8% 27.6%

*The As,Ox chemical species include As;Os, As»03, and As suboxides.

**The (Ga;0x chemical species include Ga,O; and Ga suboxides.

Table. 5.6 Chemical bonding ratios of As 3d and Ga 3d core levels determined by fitting
the XPS data from Fig. 5.12. Note that the contribution of the O 2s emission

has been excluded.
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Fig. 5.1 (a) Multi-frequency C-V and (b) bidirectional C-V (10 kHz) curves of

Pt/ALD-Al,O3/n*-GaAs capacitors with different cleaning preparation and

annealing processes. The Al,O; films were.deposited at 100 °C for 60 cycles.
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Fig. 5.2 Gate leakage current Jy characteristics of Pt/Al,Os/n-GaAs capacitors. The

Al,O3 thin films were deposited at 100 °C for 60 cycles.
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Fig. 5.3
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surface preparation and annealing processes.
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Fig. 5.5 As 3d and Ga 3d XPS spectra of as-deposited ALD-AI,O3 thin films on GaAs

substrates with and without (NH,).S sulfide passivation.
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(a) 600°C-N,, 100 cycles

(b) 600°C-O,, 100 cycles

Fig. 5.7 HRTEM images of Pt/Al,Os/sulfidized-GaAs structures with different
deposition cycles and PDA conditions: (a) 100 cycles, N, PDA; (b) 100 cycles,

0O, PDA,; (c) 60 cycles, O, PDA. PDA temperature: 600 °C.
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Fig. 5.8
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Fig. 5.11 As 2ps, and Ga 2ps;, XPS spectra of 600 °C-annealed Al,O; thin films on the
sulfidized GaAs substrate. The contributing chemical components were

extracted and are displayed in the respective spectra.
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Fig. 5.12 As 3d and Ga 3d XPS spectra of 600 °C-annealed Al,O3 thin films on the
sulfidized GaAs substrate. The, contributed chemical components were

extracted and are displayed in thesrespective.spectra.
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Fig. 5.13 SIMS depth profiles of the Al,Os/GaAs samples analyzed in Fig. 5.12. The
diffusion of As- and Ga-related chemical species into overlying high-k film

was observed.
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Fig. 5.14
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Ga 2ps;; and As 2ps» XPS spectra of GaAs substrate subjected to different
wet-chemical procedures. Four components were extracted in Ga 2ps, spectra:
GaAs, GaSy, Gay0, and Ga,0s3, while five components were extracted in As

2p32 spectra: GaAs, elemental As, AsSy, As,O3, and As;Os.
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:
Fig. 5.15 AFM images of the NH,OH-cleaned GaAs substrates (a) before and (b) after
Fig. 5.16 TEM image of the as-deposited Pt/ALD-AIl,O3(60 deposition cycles)/GaAs

MOS structure with (NH,4),S-C4HgsOH(10%, RT) chemical treatment.
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Chapter 6

Inversion-Mode Ge p- and n-MOSFETs and
Depletion-Mode GaAs n-MOSFET with

Atomic-Layer-Deposited Al,O; Gate Dielectrics

6.1 Introduction

When Si complementary metal-oxide-semiconductor (CMOS) technologies gradually
approximate to 22 nm node, the field of high mobility semiconductor materials is renewed in
MOS field effect transistor (MOSFET) . applications to pursue much higher device
performance. In particular, Ge- and III-V=based channels featuring various prevailing gate
dielectrics are promising structures to use in place of conventional Si MOSFETs.
Nevertheless, several formidable’challenges remain.if we are to realize state-of-the-art Ge
devices. The first bottleneck is the water-solubility and poor thermal stability of its native
oxide. Even though GeO,-Ge interfaces can be prepared with excellent quality [1],
subsequent thermal processing is likely to degrade the gate stack integrity. Fortunately, recent
developments in high-k material deposition and surface pretreatment methods—e.g., thermal
annealing in SiH; ambient [2] and atomic N radical plasma [3]—have expanded the
possibilities in this field. Other key obstacles are the smaller band gap of Ge and the higher

3. ¢of. ca. 10" cm™ in Si), which lead to larger

intrinsic carrier concentration (ca. 10" cm™
junction leakage currents [4]. In addition, because a higher thermal budget is required during

n-type dopant activation, more rapid dopant diffusion (either out of the surface or into the

substrate) and lower electrical activation are generally observed. A shallow source/drain (S/D)
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junction possessing an acceptable off-state current, within the range from 10 to 107 A cm

[5], will be required if we are to achieve higher device performance.

Although superior high-k/Ge p-FET characteristics have been reported recently [6], [7],
the fabrication of promising Ge n-FETs remains challenging because of the resulting low
electron mobility. Such n-FET degradation behavior can be explained in terms of the
asymmetrical distribution of interface states, the surface Fermi level (Er) pinning, and the
junction issues mentioned above. On the other hand, still several promising n-FET device
characteristics based on (In)GaAs- and InSb-based III-V channels have been continually
demonstrated [8]-[10], and their performance even surpassed the strained-Si transistor at the
sub-micro gate length [10]. In fact, for obtaining the superior III-V device performance, it is
essential to achieve the unpinned oxide/substrate interface. Such a Er pinning effect—arising
from the onset of high interfacial stateidensity (Dj)—actually casts some doubts on the
anticipated performance [11]. Even up.to date, this pinning-issue is still of interest and more
challenging for the dielectrics on GaAs substrate, relative to on InGaAs, because of having a
larger energy difference between the charge-neutrality level and the conductance band edge
[12]. Various kinds of the modified wet-chemical procedures and passivation methods, such
as acid-alcohol solution [13], hydrogen clean [14], Si capping layer [15], [16],
silane-ammonia [17], and sulfur treatment [18], are adopted to eliminate the native oxides and
other surface defects.

From several literatures, it was found that the deposition of Al,Os or the incorporation of
Al into HfO, dielectrics on Ge substrates can improve the device characteristics—e.g.,
decreased intermixing [19] and lower Dj [20], [21]—relative to those of the system in which
HfO, 1is applied directly onto the Ge substrate. Hence, the characteristics of
atomic-layer-deposited (ALD) Al,O; gate dielectrics on either Ge channels or substrates are
worth studying in more detail. Herein, we firstly focused on the structural and electrical
characteristics of Ge junction diodes—in particular, the n'p junction. We also analyzed the
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underlying leakage paths and mechanisms. We adopted gate-last processes when fabricating
the Ge devices to avoid degradation of the Al,O3—Ge interface during the high-temperature
treatment required for S/D activation. Moreover, we also investigated the effects of forming
gas annealing (FGA) on the Ge junction and device properties—including the reverse leakage
current, dielectric interface quality, subthreshold swing, and on/off ratio. We also succeeded
to fabricate the depletion-mode (D-mode) GaAs n-MOSFETs with ALD-Al,O; gate

dielectrics on the molecular beam epitaxy (MBE) GaAs structures.

6.2 Experimental Procedures

6.2.1  Fabrication of Ge N*P Junction Diodes

Gallium-doped (ca. 2 x 10" .em °) Ge UMICORE substrates were used to study the Ge
n'p diodes through a two-mask processing layout. We:used plasma-enhanced chemical vapor
deposition (PECVD) to deposit aSiO» tsolation layer having a thickness of 420 nm to define
the P implantation regions, which were implanted at doses of 2 x 10" and 1 x 10"° cm™ at 30
and 60 keV, respectively. Subsequent rapid thermal annealing (RTA) in a N, ambient was
performed at temperatures ranging from 500 to 700 °C and for lengths of time ranging from
30 to 90 s. During dopant activation, a PECVD-SiO; layer (50 nm) was deposited as the
capping layer to examine the improvement in the junction. Finally, a 500-nm-thick layer of Al
metal was deposited and then defined as gate and substrate contacts using a lift-off process.
Secondary ion mass spectrometry (SIMS) was used to analyze the P dopant profile (note that

surface oxide layer was removed prior to analysis).

6.2.2 Fabrication of Gate-Last Ge p- and n-MOSFETs

This fabrication step employed n- and p-type (100) Ge wafers that had been doped with
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Sb and Ga dopants at levels of 1 x 10'* and 2 x 10" cm™, respectively. These two substrates
were pre-cleaned through cyclic rinsing with dilute hydrofluoric acid and deionized water,
and then they were capped with a 420-nm-thick layer of SiO, that acted as the field oxide.
The source/drain (S/D) junction region was then opened, followed by implantation of the B (1
x 10" em™, 60 keV) and P (1 x 10"° cm %, 30 keV) dopants into the respective n-Ge and p-Ge
substrates. In the N,-RTA split conditions, the annealing temperatures were studied in the
range 500-650 °C for the B dopant and 650-700 °C for the P dopant. The annealing time was
maintained at 30 s for all devices. In addition, considering the onset of severe P out-diffusion
during activation, the deposition of a SiO, capping layer was required for the n-FET. The Si0O,
was subsequently removed from the active region and then the Al,O; high-k gate dielectric
was deposited at 170 °C for 100 cycles in ALD. After excavating the S/D contact holes, Al
metallization was performed with patterning to define the metal pads; the substrate contact
was prepared directly through thermal evaporation of Al onto the Ge backside. The overall
MOSFET structures were subjected to FGAsin a Hy/N; (10%) mixed ambient at a temperature

of 300, 350, or 400 °C for 30 min.

6.2.3 Fabrication of Depletion-Mode GaAs n-MOSFET

We employed the MBE system to grow the GaAs stack structure for fabrication of the
D-mode MOSFET, as the scheme displayed in Fig. 6.1. We did the mesa isolation and then
opened the n-GaAs channel region by etching in a solution of H;PO4:H,0,:H,O = 60:20:1500
(the etching rate ~0.785 nm/s). The ALD-Al,0O3 of 120 deposition cycles was deposited as
gate dielectric with the following metallization of Al gate. Subsequently, the tri-layer of
Au(200-nm)/Ge(70-nm)/Ni(30-nm) was deposited at the S/D region by using e-beam system
and lift-off process, followed by PDA at 400 °C for 1 min to form Ohmic contact.

Transmission electron microscopy (TEM) was used to characterize the capacitor and device
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structures; while the element depth profiles of the AuGeNi alloy were analyzed via Auger
electron spectroscopy (AES) using Ar' ion sputtering.

For these fabricated junction and devices, current—voltage (/-V), capacitance—voltage
(C-V), and conductance—voltage (G—V) characteristics were measured using a Keithley 4200

semiconductor analyzer system and an HP4284 LCR meter, respectively.

6.3 Effect of Forming Gas Annealing on Ge p-MOSFET

Characteristics

6.3.1 P*N Ge Junction Characteristics

Figure 6.2 displays the effects of FGA on the junction characteristics of Ge p-FETs that
had been subjected to dopant activation ati500.°C. The reverse leakage current density (Jr) for
the as-activated junction was 2 X 10 A em > at—1 V. A gradual increase in Jg occurred for
temperatures above 500 °C (not shown); possibly because of a rougher surface morphology or
a smaller dopant loss [22]. We suspect that the'value of Jr obtained in this case arose mainly
from the contribution of the generation current, which is dependent on not only the level of
substrate doping but also the extent of residual metal contamination after surface cleaning [23]
or device fabrication processing. A larger resultant depletion width for a substrate having
lower levels of doping and metal contamination will obviously lead to more
defects—including both bulky defects in the Ge substrate and on the surface states at the
isolation region—residing inside the depletion region; in turn, this phenomenon will result in
a larger generation current. Because the doping level of the substrate used here was as low as
1 x 10" cm73, we believe that, rather than metal contamination, defects arising from Ge wafer
manufacturing and our employed isolation techniques were the primary culprits for the

observed high leakage current [24]. Using previously reported equations for calculating the
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diffusion (Jgirr) and generation (J,) current densities in a diode [14], we estimated the values
of Jyirr and J; to be ca. 2.8 x 10%and 1 x 1072 A cmfz, respectively, for our low-doped ( 10
cm ) n-Ge substrate—assuming the presence of a bulk trap density (Ny) of 10" cm™ and a
capture cross-section of 10" em™? [4], [26], [27]. Consistent with our experimental results,
the value of J,, prevailed over that of Jgir to dominate the junction leakage. This behavior is
consistent with a recent report in which the value of J; increased significantly in a Ge p'n
junction when the substrate doping was as low as ca. 10" cm, due to the enhanced rate of
generation of thermally activated electron/hole pairs in the depletion layer [28]. Using a
MEDICI simulator, those authors predicted this substrate dopant-level dependence of the Ge
junction leakage, which was not observed in the Si counterpart. As a result, we think that the
density of the defects in the Ge substrate shall be indispensably eliminated in order to obtain
better electrical property of the diode.

We found that performing the EGA process imainly-impacted the degree of reverse
leakage and slightly enhanced the forward curtent of the diode. The inset to Fig. 6.2 presents
the Weibull plots of the values of Jr at a reyerse bias(Vr) of —1 V. Performing FGA at a low
temperature of 300 °C decreased the value of Jr to 102 A cmfz, whereas it increased
continuously to 3 x 102 and 10" A cm ™ at FGA temperatures of 350 and 400 °C, respectively.
We suspect that the FGA process induced junction degradation as a result of the increased
roughness around the contact hole periphery that accompanied bulk-trap generation during
Al-germanide formation. Similar phenomena, either the presence of voids of different sizes
[29] or metal-induced deep traps inside Ge [30], have been characterized during the formation
of Ni- and Co-germanides. Scanning electron microscopy (SEM) images (not shown) did not
reveal the formation of any voids after FGA at 400 °C; we did, however, observe an increase

in morphological damage of the S/D metal pads, but not in the gate and channel regions.

6.3.2 Device, Reliability, and Mobility Characteristics
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Several studies have demonstrated that FGA or pure H, annealing can result in improved
high-k/Ge interfaces [3], [7], [31]. Using the conductance method and charge pumping
measurements, we did indeed obtain a lower value of D; of 8 x 10" em™? eV! for the MOS
capacitors after performing FGA at 300 °C. Hence, we anticipated that the fabricated p-FETs
would exhibit enhanced performance as a result of improvements to both the p'n junction and
the dielectric interface. Figs. 6.3(a) and 6.3(b) display the respective los—Vys and lg—Vas
characteristics of the p-FETs fabricated with and without FGA. Not surprisingly, the devices
subjected to FGA at 300 °C exhibited superior performance: a higher drive current (ca. 1.8x),
a better on-off current ratio (greater than three orders of magnitude), a lower leakage current,
and a reduced subthreshold swing (Ss) of ca. 185 mV decade .

Negative bias temperature instability (NBTI) is an important reliability issue for high-k
dielectrics on Si, and also on Ge. Figs. 6.4(a)—(d). present results for device degradation in
terms of changes in the values of-/g, the transconductance maximum (Gy,), and Ss and the Vi,
shift under NBTI stress. We applieditwo_stress. biases (—3.0 and —3.2 V) to the Ge p-FET
samples. In the absence of hydrogen passivation, we detected severe electrical deterioration
after applying the stress for 10” s, notably a value of Aly/ly of 23-35%, a value of AGy/G, of
ca. 10%, rapid degradation in the value of Ss, and a large negative Vy, shift (>250 mV).
Because the mechanisms occurring during the NBTI degradation for high-k gate dielectrics
are similar to those observed in SiO, [32], we suspected that subsequent FGA might aid in
effectively repairing dangling bonds and defects inside the GeOy IL, in turn boosting the
dielectric quality and interfacial reliability. Fig. 6.5 presents a plot of the extracted channel
hole mobility with respect to the effective electric field, together with data reported in two
previous publications [7], [33]. Our ALD-Al,0O3/Ge p-FET exhibited superior mobility
behavior over the Si hole universal curve. The peak mobility was ca. 225 cm®* V' s, an
improvement of ca. 25%. This value is comparable with that for an NH;-nitrided HfO,/Ge
structure, but poorer than that for a reported HfO,/Ge structure that had been subjected to Si
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passivation. As a result, we believe that adopting an ultra-thin Si capping layer—the thickness
of which needs optimization—should further improve the channel mobility [34], [35]. In
addition, the techniques employed for deposition and Ge surface preparation are critical in
determining the quality of this Si IL and the resultant improvement in mobility in the Ge

devices.

6.4 Effect of Dopant Activation on NP Ge Junction

Characteristics

6.4.1 N*P Ge Junction Characteristics

The presence of an n'p shallow junction having an acceptable leakage current is critical
to obtaining high-performance Ge n-FETs. Previous.studies of P ion implantation in Ge [36],
[37] have revealed that an RTA temperature above 500 °C is essential to achieving sufficient
dopant activation and full recrystallization-of the-amorphous Ge region. In this study, we
found that an annealing temperature of 500 °C"was insufficient to repair all of the
implant-induced damage, as indicated in Fig. 6.6(a). Raising the temperature to 700 °C

decreased the value of Jr to 3.5 x 10* A cm™

, a reduction of more than two orders of
magnitude relative to the value obtained for the sample prepared at 500 °C case, even though
the value of Jr had deteriorated. After capping with a 50-nm-thick SiO, layer, we observed an
improvement (increase) in the value of Jr upon increasing the RTA temperature [Fig. 6.6(b)].
A difference of up to five decades was achieved between the Jr and Jr curves after RTA at
700 °C; the value of Jgr was ca. 2.1 x 10*A cmfz, close to the calculated value of Jyi of 1.4 x
10* A cm™ for an ideal Ge n'p diode. After extending the annealing time to 60 s, the value of

Jr remained unchanged, irrespective of the implantation energy [30 or 60 keV; Fig. 6.6(c)]. In

contrast, annealing for 90 s led to a severe increase in leakage, by at least one order of
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magnitude. We interpret these characteristic differences in terms of variations in surface

resistance, with further evidence supplied by SIMS analyses and electrical measurements.

6.4.2 Phosphorous Dopant Diffusion Characteristics

Figures 6.7(a)—(c) display the respective SIMS depth profiles of the n'p diodes
discussed in Fig. 5. For the lower implantation case (2 x 10'* cm™, 30 keV) in Fig. 6.7(a),
annealing at 500 °C for 30 s led only to flattening in the high-concentration region without
any significant junction diffusion, revealing a box-shaped chemical profile. Fig. 6.7(b) reveals
a similar “box profile” for the higher implanted case (1 x 10" cm™2, 30 keV) after RTA at 600
°C for 30 s. Taking a close look at these two sets of results, it was clear that the P diffusion
rate was much faster at a concentration level of =1 x 10" cm'3, indicative of
concentration-enhanced inner diffusion ofiPuih Ge,[36]-[38]. In contrast, we detected no
significant movement of the P dopant profile at low implantation concentrations (e.g., <1 x
10" em™) [38]. In addition, unlike the *box profile” features observed at annealing
temperatures below 600 °C, an increase in temperature to 700 °C caused strong P diffusion
and resulted in a complementary error function profile. This difference correlated to the
surface P dopant concentration under intrinsic or extrinsic diffusion conditions, i.e., it was
dependent on the value of the so-called “intrinsic carrier concentration” (ni,) during activation;
more details are available elsewhere [39]. Furthermore, Fig. 6.7(c) displays evidence for P
pile-up at a distance of 20 nm from the top surface, with peak concentrations of up to (5-7) x
10" cm after SiO, passivation. It has been reported previously [38] that the amounts of P
dopant loss were ca. 40% and >60% after RTA at 500 and 600 °C, respectively; therefore, it is
very likely that severe out-diffusion occurred in our system at a temperature of 700 °C. We
speculate that the resultant surface P concentration influenced the contact resistance, thereby

affecting the n'p forward junction characteristics in the samples prepared with and without a
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Si0; capping layer.

6.4.3 Diode Resistance Analysis

To confirm our suspicions, we examined the magnitudes of the resistance components in
the test structure. Fig. 6.8(a) displays the test structure, which allowed current transport
between two metal pads within the P-implanted region. We obtained the overall contact
resistance (2R.ont) by subtracting the value of the transport resistance (Ry.n) from the total
resistance (Riota1). Here, the value of Ry Was extracted from the slope of the measured -V
curve, while the value of Ry., was the product of the measured sheet resistance and the
constant L/W ratio of 1.6. Fig. 6.8(b) summarizes our results. Upon increasing the RTA
temperature (from 500 to 700 °C), a larger resistance increase (from 285 to 650 Q),
contributed mostly by the value of R, occurred.in the uncapped samples as a result of
significant dopant out-diffusion. With:Si0, capping, we observed a considerable reduction in
the values of Ryl (<270 Q), reaching an especially-low value of ca. 150 Q after RTA at 700
°C. Therefore, we conclude that a suppressed 'dopant loss (and, hence, an enhanced surface
active P concentration) was responsible for the resulting improved junction characteristics,
even though different implantation conditions were employed in the two cases. Again, further
extending the annealing time to 90 s caused a slight increase in resistance. Returning to the
corresponding SIMS profile [Fig. 6.7(c)], we also explored the continuous surface P
segregation with the deeper in-diffused junction. Its accumulation concentration already
exceeded the allowed activation level of (5-6) x 10" ¢cm™ in Ge, possibly forming inactive
precipitates that functioned as the leakage current path [37]. We suspect that these concurrent
events were responsible for the degraded junction leakage after longer annealing times, as

observed in Fig. 6.6(c).

6.4.4 Reverse Leakage Current Analysis

150



In principle, two leakage components contribute to the value of Jr in a diode, namely the
perimeter current density (Jp) and the area current density (J4), as represented schematically
in the inset to Fig. 6.9(c). Using Eq. (6.1), we determined the origin of the junction leakage by
designing diodes having various area (A)-to-perimeter (P) ratios,

IR:JA'A+JP‘P (61)

where Ja represents the generation-recombination centers in the depletion region as well as
resulting carrier diffusion, while Jp represents the surface states existing at the
isolated-oxide/substrate interface. Interestingly, Figs. 6.9(a) and 6.9(b) reveal a transition for
the dominant term from Jp to Ja upon changing the RTA temperature from 600 to 700 °C,
presumably because RTA at 700 °C deeteased the. contribution of the Jp term dramatically, as
indicated in the extracted resultg-in Fig. 6.9(c). In particular, for the uncapped samples we
observed a reduction in Jp of three orders of magnitude, from ca. 10°t0 10° A cmﬁl; a similar
decrease occurred for the value of Jp 'in the capped samples. This behavior indicates that
high-temperature annealing decreased the surface recombination velocity at the SiO,—Ge
interface, although determining the details of the repair mechanism will require further
investigation. In addition, the increase in the values of Jp for annealing times greater than 30 s

provides evidence of surface perimeter leakage degradation for the longer thermal budget.

6.5 Effect of Forming Gas Annealing on Ge n-MOSFET

Characteristics

Figures 6.10(a) and 6.10(b) present the /4—V,s and l4—Vas curves of the Ge n-FETs
before and after FGA at 300 °C, respectively. For the control sample, the on/off current ratio

approximated three orders of magnitudes, with values of Ss and Dj; of ca. 489 mV decade™
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and 4.7 x 10" cm ™ eV, respectively. Subsequent FGA treatment decreased the value of Dj
to 1.9 x 10" cm™ eV ™', which was still higher than that (8 x 10" cm™ V") obtained for the
p-FETs. This difference appears to correlate to the typical characteristics of an asymmetric
energy distribution of Dj—a higher value of Dj; exists in the upper half of the Ge bandgap
[40]. From the I4j—Vys curves, we observed a 6.5 (£0.5)-fold enhancement in I, after
performing FGA at 300 °C, due to a decrease in the value of Ry from 385 to 124 Q that was
caused by decreasing the Schottky barrier height [41]. Nevertheless, the on/off ratio was
degraded by only two orders of magnitude. Almost complete loss of the Ge n-FET transfer
characteristics occurred in the device subjected to FGA at 400 °C (not shown here). Such
acute degradation in the n-FETs, but not in the p-FETs, probably arose from the severe P
dopant loss and the rougher morphology of the Al S/D metal. In other words, the negligible
diffusion of the B dopant in Ge was probably the major.cause of the lack of serious p-FET
junction degeneration.

Figure 6.11 reveals that the extractedichannel mobility in the n-FET device was lower
than that in the p-FET device—and far below:the published values for electron mobility [33],
[42], [43]. Apart from the relatively high level of Dj playing a significant scattering role, the
lower electron mobility in our n-FET devices most likely resulted from other two factors: (i)
because of a severe Er pinning effect, the higher value of Ry limited the drive on-current
capacity and, hence, the value of Gp; (ii) because the doping level of p-Ge substrate was
relatively low (ca. 10" cm™), more acceptor-like states could be filled to prevent efficient
inversion during the operation of the n-MOS device [44]. In fact, even if Si passivation had
been performed with these Ge n-FETs, the exhibited electron mobility remained far below the
Si electron universal curve. Considering this issue from the viewpoint of Ge-based devices,
the emerging concept of integrating InGaAs n-MOS and Ge p-MOS devices on the chip has
been attracting much attention recently. From the viewpoints of material film integration and
device process technology, however, understanding the bonding configuration and the role of
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possible intrinsic defects at the dielectric—-Ge interface remains imperative, requiring either

the first-principle calculations or Monte Carlo simulations.

6.6 Characteristics of GaAs n-MOSFET Characteristics

Since forming a good Ohmic contact is essential to achieve the excellent performance of
D-mode GaAs nMOSFET, therefore, the AES depth profiles of alloyed Au/Ge/Ni tri-layer on
GaAs were analyzed in Figs. 6.12(a) and 6.12(b), respectively. Alloying at 400 °C caused
extensive interdiffusion between metal layer and GaAs substrate with respect to the
as-deposited profile. Both Ge and Ni diffused onto the top surface and also interacted with
GaAs severely. Further from the TEM image in Fig. 6.13(b), Ni and Ge reacted with each
other not only forming a NiGe compound (iisthe ratio of 1:1) in the upper layer but also
causing pits inside the GaAs substrate. Some traces of Ga and As were also detected in the
upper metal alloys. These findings showed the similar-behavior to the several reported studies
[45]-[47], and the reaction mechanism was also’ widely investigated [46], [47]. With the
analysis of transfer length method (TLM), the measured specific contact resistivity was 2.9 x
10° Q-cm?, acting a good Ohmic contact. Fig. 6.13(a) shows the TEM image of the overall
GaAs n-MOSFET structure. The average distance between the Al gate and the AuGeNi S/D
was ca. 3 um and also the rough morphology of AuGeNi alloy was observed at the S/D region.
From the zoom in picture of the AI/ALD-Al,03/n-GaAs in Fig. 6.13(c), the physical dielectric
thickness was 12.5(x0.5) nm, which corresponded to have the CET value of 5.4 nm.

Figure 6.14(a) illustrates the /;—V, transfer characteristics in the linear and saturations
for D-mode ALD-Al,03/GaAs n-FET with (NH4),S-C4H9OH interfacial passivation. For
device with the gate length/width of 5/100 um, the values of Vy, was -3.8 V and the values of
Gn at Vg = 1.1/3.1 V were 43/59 mS/mm, respectively. In addition, well saturation and

pinch-off characteristics were presented in the /i—Vy curves [Fig. 6.14(b)] with the gate
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overdrive Vy-Vy ranging from -1.2 to 4.8 V in steps of 1 V. The maximum /4 was 250 mA/mm
measured at Vy-Vin = 4.8 V, V4 = 4 V. The extracted peak electron mobility was only 336
ecm®V's™!, higher than the value of 212 cm*V''s™ for the non-sulfidized GaAs device (not
shown here). But, the device properties are still not comparable to the reported performance
of D-mode HfO,/GaAs devices with a-Si interfacial passivation layer [48]. This may be
correlated to a higher Dy still existed at the dielectric-GaAs interface. Further modulation of
the ALD film deposition as well as optimization of the wet-chemical clean and PDA processes
are required. Here, we want to reassert that executing the sulfidization with the solvents of
lower dielectric constant, e.g., (NH4),S + C4HoOH, is relatively effective to improve the
quality of GaAs surface prior to high-k deposition. It is also possible to implant this chemical
treatment along with other passivation methods in pursuit of superior high-performance

high-4/111-V n-MOSFET.

6.7 Conclusions

In Chapter 6, we investigated the characteristics of Ge junction diodes and gate-last p-
and n-MOSFETs with the ALD-AI,05 gate dielectrics. The magnitudes of the rectifying ratios
for the Ge p'n and n'p junctions exceeded three and four orders of magnitude (in the voltage
range of £1 V), respectively, with accompanying reverse leakages of ca. 102 and 10™* A cm ™,
respectively. It was also found that the origin of the leakage path, governed by surface
perimeter or junction area, was mainly dependent on the thermal budgets adopted in devices
(i.e., dopant activation and FGA). In addition, performing FGA at 300 °C boosted the device
on-current, decreased the Al,Os/Ge interface states to 8 x 10" cm™ erl, and improved the
reliability of bias temperature-instability. The peak mobility and on/off ratio reached as high
as 225 cm® V' s and >10°, respectively, for the p-FET (W/L = 100 um/4 pm), while these

values were less than 100 cm® V' s and ca. 10°, respectively, for the n-FET (W/L = 100
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um/9 pum). The relatively inferior n-FET performance resulted from the larger S/D contact
resistance, higher surface states scattering, and lower substrate doping concentration.

In accordance with the studies of (NH4),S-C4HoOH chemical passivation on GaAs
substrate in Chapter 5, herein, we employed such an alcoholic sulfide treatment to fabricate
the D-mode GaAs n-MOSFETs and successively demonstrated their transfer and output
characteristics. The maximum /4 was 250 mA/mm measured at Ve-Vin = 4.8 V, Vqy=4 V. The
extracted peak electron mobility was only 336 cm®V™'s™, indicative of the more optimization
in the dielectric/GaAs interface quality. Perhaps, the (NH4),S-C4HoOH treatment can be
adopted on the InGaAs/InSb substrates or integrates with other passivation methods to

provide the better surface quality for realizing high-performance high-4/I11-V devices.
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Chapter 7

Conclusions and Suggestions for Future Work

7.1 Conclusions of this study

In this thesis, we have studied the deposition of various high-k dielectric films, including
HfONy, ALOs, and Gd,Os, onto the bulk Ge and GaAs substrates and systematically
investigated their capacitor and device characteristics. We first adopted two surface
passivation methods—the NHj; plasma and the SiHg thermal annealing—to improve the
high-k/Ge capacitor characteristics, while also deeply examined the effects of (NHy4),S
chemical treatment on the electrical improvements ‘of high-k/GaAs MOS capacitors. In the
following, various kinds of thermal=processing, ‘like "post-deposition annealing (PDA),
post-metallization annealing (PMA), and forming-gas annealing (FGA), were employed to
further improve the Ge and GaAs “device properties. Finally, we also successively
demonstrated the characteristics of inversion-mode Ge p- and n-MOSFETs and
depletion-mode GaAs n-MOSFET with the atomic-layer-deposited Al,O3; gate dielectrics,

respectively. Herein, we summarized the experimental results as follows:

For the HfO«Ny sputtered films on Ge substrates, we observed a U-shaped distribution of
Ge atoms into the overlying HfO.N, dielectric and an increased Ge incorporation (>17 at.%)
after higher thermal processing. Although high-temperature annealing did improve the
interface qualities, they also caused a positive shift of the Vgp, severe charge trapping, and
increased gate leakage current (J,) considerably; which are closely related to the existence of
GeOy defective layer and the degree of resultant GeO desorption. These problems could be

relieved after performing NH; plasma pretreatment on the Ge surface; in particular,
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suppressing the amount of Ge incorporation (<5 at.%) and the sub-stoichiometric oxide at
dielectric-substrate interface. Evidently, capping the Ge substrate with an ultrathin Si layer
also efficiently inhibited the incorporation of Ge into the HfONy bulk dielectric, thereby
diminishing the oxide charge trapping. We suggested that both surface nitridation and Si
capping processes actually diminished the volatilization of gaseous GeO and enhanced the

thermal stability of the high-k/Ge interface.

Next, we employed the ALD system to deposit the Al,O3 thin films on Ge over the wide
deposition temperatures. Physical analyses revealed that an increase in the deposition
temperature can enhance the AlO; film density and its dielectric stoichiometry, but
temperatures above 200 °C led to formation of a GexAl; 4O intermediate layer, which in turn
caused an increasing Jg and a higheér intérface state density (Dj, >10"” em? eV
Furthermore, although N, RTA at 600 °C abated the resultant oxygen-excessive behavior, i.e.,
providing a more stoichiometric: film, intetfacial GeOy volatilization still caused the greater
electrical degradation. In contrast, FGA at 300°°C improved the Pt/Al,O3/Ge capacitor
properties, including lower values of Dy (ca. 6 x 10" cm ™2 eV ') and J, and reduced hysteresis
width. Interestingly, we attempted to explore the minority-carrier response behavior of Ge
MOS capacitors through MEDICI simulations and device experiments, and further compare
their electrical differences with those in traditional Si MOS capacitors. The plot of the
Arrhenius-dependent substrate conductance (Ggp) indicated a larger energy loss occurring in
Ge than in Si by at least four orders of magnitude, corresponding to the fast minority-carrier
response rate. All experimental findings showed almost consistent with the MEDICI
prediction. We validated that a high value of intrinsic carrier concentration (n;) in Ge, via the
bulk-trap generation/recombination as well as the diffusion from the bulk substrate, caused
the onset of low frequency capacitance-voltage (C-V) curves in the kHz regime and the

gate-independent inversion conductance. From the conductance-voltage (G-V) characteristics,
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the density of the bulk trap was estimated to be ca. (2—4) x 10" ¢cm™ in the low-doped Ge.

Another main topic in the thesis is the understanding of modified wet-chemical clean and
(NH,),S treatment on the electrical characteristics of the high-k/GaAs structures. It was found
that employing the NH4OH alkaline solution and then (NH4),S-H,O passivation at 80 °C
suppressed the formation of GaAs native oxides and elemental As coverage close to dielectric
interface, thereby improving the electrical performance. The higher oxide capacitance with
reduced C-V frequency dispersion was shown, which was a direct evidence of abating the
“Fermi level (Ef) pinning” effect; also, the diminutive hysteresis (<100 mV) was achieved.
Here, the fabricated Gd,O3/GaAs capacitor after the optimized sulfidization processes can
exhibit the Jg of ca. 1.5 x 10” A/em” @ V= (Vgs + 1) V with the CET of ca. 20 A, which was
comparable to the report of high-performance HfQs/GaAs system with an ultrathin Si/Ge
interfacial layer. We suspected that the-nhibited . formation-of elemental As and native oxides

at high-k/sulfur-passivated GaAs interface were.résponsible for these electrical improvements.

Also, the well-established ALD-Al,O5 dielectric” films were deposited on the sulfidized
GaAs substrates to investigate the interface and capacitor properties. In accordance, the
sulfidized Al,Os;/GaAs capacitors can display the higher oxide capacitances, smaller
frequency dispersions, decreased hysteresis widths, reduced interfacial state densities, and
smaller gate leakages, respectively. Moreover, a higher electrical improvement was observed
by replacing sulfidizing solvent from H,O to C4H9OH; a significant reduction of elemental As
and AsOy surface species was indeed characterized with an increasing sulfur bonds on GaAs
substrate. For the Al,O3/GaAs capacitors undergoing thermal annealing processes, the use of
an O, ambient, relative to N,, was found to densify the Al,O; thin film further, alleviate
charge trapping, and decrease the amount of metallic As generated, thereby enhancing the

dielectric reliability. We have clarified these phenomena in terms of identifying the latent
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thermochemical mechanisms. On the other hand, we also noticed another interesting feature
that the ALD-AI1,O; film deposited at 300 °C relative to that at 100 °C showed the nearly four
orders of magnitude reduction in J, at the CET of 40 A; this finding is opposed to the

advantages of low-temperature ALD-AL,O; films on Ge substrates.

Accompanying above these experiences in high-k/Ge capacitors, we successively
demonstrated the device characteristics of the inversion-mode Ge p- and n-FETs featuring
ALD-ALOj; gate dielectrics. The peak mobility and on/off ratio reached as high as 225 cm’
Vs and >10°, respectively, for the p-FET (W/L = 100 pm/4 um), while these values were
less than 100 cm® V' s ™' and ca. 10°, respectively, for the n-FET (W/L = 100 pum/9 pm). The
inferior device performance of the n-FETs, relative to the p-FETs, correlated mainly to the
greater source/drain (S/D) contact resistance, the higher value of D;; scattering, and the lower
level of substrate doping. Moreover, subsequently performing FGA at 300 °C enhanced the
driving on-current, decreased the density of Al,O3—Ge interface states, and improved the
negative bias temperature instability (NBTI) reliability. A higher FGA temperature of 400 °C
led to a dramatic increase in the off current of the n-FET as a result of severe out-diffusion of
the P dopant. Herein, we also examined that the dominance of the surface perimeter leakage
or junction area leakage in Ge reverse n'p junctions was dependent mainly on the thermal
processing adopted in devices (i.e., dopant activation and FGA). On the other hand, we also
presented the transfer and output characteristics of depletion-mode ALD-AlLO3;/GaAs
n-MOSFET accompanying the (NHy),S-C4H9OH chemical passivation. The maximum |4 was
250 mA/mm measured at Vo—Vy = 4.8 V, Vg = 4 V. However, the extracted peak electron
mobility was only 336 cm®V™'s™, indicating that optimization of the dielectric/GaAs interface
was still required. Even so, it is still possible that the (NH4),S-C4H9OH treatment with the
process optimization can be adopted onto the InGaAs or InSb substrates or integrates with

other passivation methods to provide the better surface quality for realizing high-performance
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high-k/IT1-V devices.

7.2 Suggestions for Future Work

In terms of our experimental observations and several reported studies, it is concluded
that the characteristic of an asymmetric energy distribution of Dy, which is higher in the upper
half of the Ge bandgap, causes the device degradation of Ge n-FET. Even to date, the best
records of peak electron mobility are ca. 400 and 550 cm”V 's™ for the respective (100) and
(111) n-FETs, but, these results are still below the Si universal curves (ca. 600 cm*V 's™") at
the effective field of 0.1 MV/cm. By contrast, as high as 2-3 times improvement is
characterized in mobility characteristic of Ge p-FET. In consequence, it seems to be
indispensable to search a new n-FET candidate and:probably III-V materials having much
higher electron mobility are the suitable selection. It iS suggested that such an emerging
concept of combining Ge p-MOS and«(In)GaAs‘(or other IH-V) n-MOS devices on the same
chip, perhaps, is the practical strategy i the prospect.0f the CMOS future. Of course, this
novel technique brings several challenges from the viewpoints of material film integration and
device process technology. Therefore, we adumbrate that the heteroepitaxy of high-quality
and dislocation-free Ge and III-V materials on the conventional Si platform is worthy to study

in future work.

On the other hand, the intrinsic issues of the smaller density of states (DOS) and lower
solid solubility of n-type dopant in III-V-based devices also can be relieved by studying the
topic of the IV/III-V heteroepitaxy. This is because that the epitaxial structure of the III-V
channel MOSFET having the IV-group S/D is capable of tackling the resistance problem and
hence boosting the current drive capability. Such a nanoscale MOSFET integrates the

advantages of III-V n-channel with higher electron mobility and thermal velocity, and the
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advantages of IV-group S/D with higher DOS and n-type dopant concentration. Moreover, the
IV-group S/D can facilitate the integration of silicide and germanide technologies to reduce
the resistance effect further. For example, the lattice-matched Ge/GaAs epitaxial system is the
excellent and promising candidate; in addition, the SiGe S/D provides the tensile strain within
the GaAs channel, further assisting to enhance the driving current. It is believed that these
research topics in the heteroepitaxy technique and device fabrication are worthy of more

detailed investigation.
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