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Electrical characteristics of n*-p junction and
NMOSFETs on bulk Germanium

Student : Ching-Lun Lin Advisors : Dr. Chao-Hsin Chien

Department of Electronics Engineering and Institute of Electronics
National Chiao Tung University

ABSTRACT

We had optimized the thermal processes to form.n*-p junction on bulk Germanium and
further succeeded in fabricating Ge nMOSFETS. At the beginning of our diode studies, we
designed different areas of implantation region on our masks to observe the leakage paths. By
the concept which states total junction leakage currents were composed of Ja and Jp, we could
know that the leakage current for certain fabrication process was dominated by “area” or
“perimeter” component qualitatively. Besides, an quantitative extraction of Ja and Jp also
consisted with these qualitative results, and we found no matter if a capping layer SiO, was
deposited before annealing, it exhibited defects along the perimeter of implantation region
should be eliminated well, or an increasing reverse current would appear due to a severe Jp.
However, the ratio of perimeter current to total leakage current was still dependent on the
dimension of our implantation area even if the defects were activated very well. Hence, as
shrinking the transistors, the defects along the perimeter of S/D should be activated better. In
addition, we found the influence of capping layer SiO, which was deposited just before
activation was to reduce the contact resistance between Al and Ge. Accordingly, a higher
forward current and a much improvement on drain saturation current could be achieved.

By utilizing the results of optimization of the activation processes, we subsequently
fabricated Ge nMOSFETSs with Al,O3 as our high-k gate dielectric and further investigated
their electrical performances. Not only 14-Vy, 14-V4, and C-V performances, but also some

electrical parameters, such as source-drain resistance, dopant in-diffusion length, and



sub-threshold swing, were extracted to realize the device characteristics. Although we could
achieve on-off ratios about 10° and 10* for drain and source currents, respectively, a severe
source-drain resistance was also observed.

Finally, we considered the forming gas annealing (FGA) process to improve the
drawback. Some parameters were also extracted to compare together before and after FGA. It
actually demonstrated not only source-drain resistance but also channel resistance could be
much improved. Unfortunately, the junction leakage current became out of control and much
degraded the electrical performances on our Ge nMOSFETs. The exact cause should be
investigated by some further physical analysis.
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Chapter 1

Introduction

1-1 General Background

In order to keep up with the rapid development of CMQOS technology, transistors should
be continuously scaled down. This phenomenon is also the famous “Moore’s law”, which
states that the number of components per chip doubles roughly every two years [1]. The
tendency results from the requirement of better performance (maximize lo,) including
well-controlled lo¢ and drain induced barrier lowering (DIBL) after one generation; moreover,
the most important thing is the decreasing cost per chip. Actually, scaling technology relates
to not only the horizontal designs, which is usually limited to lithography abilities, but also
the vertical structures. Most shrinking targets could be achieved by the former in the past; or
say, the lithography was almost a key point for CMOS technology. However, it became more
difficult to accomplish the goal due to the optic limit. In order to improve this, Taiwan
Semiconductor Manufacturing Company (TSMC) made its debut in 193 nm immersion
lithography technology in 2004 year [2]. This is much valuable to scaling art.

But in the 21 century, we has encountered great bottleneck. According to International
Technology Roadmap for Semiconductors (ITRS) 2007 version (Table 1-1), as shrinking the
dimensions of the transistors for every technology node, lots of difficult issues should be
solved adequately and imminently [3]. One of these problems is that vertical parameters
should be also much scaled down with planar designs. For example, if the present gate
dielectric, silicon dioxide (SiO,), still follows the ITRS roadmap, its thickness will less than

1.5nm soon, and an exponentially increasing gate leakage current (tunneling current) will
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occur. This not only results in larger power dissipation but degrades the electrical
performances under operation. Consequently, to realize a thinner thickness and an acceptable
gate leakage current, high-k materials such as ZrO,, Al,0O3, and HfO, seem like hopeful
solutions due to their larger dielectric constants compared to SiO; [4-5]. Hence, we can utilize
a thicker high-k dielectric film to prevent the tunneling current but with a smaller equivalent
oxide thickness (EOT). However, high-k materials own worse interfaces between them and
substrates. This may contribute an unacceptable interfacial density of states (Dj;) and then
degrade saturation current by severe carrier scattering. In addition, some high-k materials
have unstable chemical properties contrast to SiO,, and they may also have outstanding
inter-diffusion which degrades the performances. Also, a larger dielectric constant is usually
related to a narrower energy band gap (Eg) and smaller band offset that perhaps results in a
significant Fowler-Nordheim (FN) tunneling, Schottky. emission, or Frankel-Poole emission,
etc. Hence, it may be required to deposit an interfacial layer which can supply an interface
with low Dy, an inter-diffusion barrier, and a larger. E4 between a high-k dielectric and a Si
substrate. But using an interfacial layer, it should have a lower dielectric constant essentially
relative to high-k materials, and total EOT would be larger. To improve this, metal gates with
much smaller poly depletion and lower resistances become good choices compared to the
conventional poly-Si gates. Although metal gates have obvious problems, e.g. thermal budget
and the stability with high-k gate dielectrics, they still have enormous potential for the future
COMS technology.

Today’s thickness of gate dielectric is only tens angstroms (A), and it will be thinner after
scaling. Therefore, how to deposit a high quality ultra-thin film uniformly will also become a
significant goal. To achieve this, atomic-layer-deposited (ALD) technique is a research
direction [6-7]. As implied by its name, the main mechanism is that only one atomic layer will
be deposited per reaction cycle; it’s different from the traditional chemical vapor deposition
(CVD) which controls the thin film by time or deposition rate. Or more precisely saying, the
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growth rate is related to surface reaction kinetics for CVD, but isn’t for ALD. The important
two things which should be noticed during ALD process are the surface temperature and
reactant exposure that must be enough in the chamber for a complete reaction cycle to make
sure the reaction can be proceeding everywhere on the substrate. Accordingly, we can just
control the number of reaction cycles to accomplish desired thickness precisely by ALD
system. On the other hand, the prospects of ALD tech are brightening in the future for
dynamic random access memory (DRAM) fabrication involving in three dimensional
structures with high aspect ratios.

Besides, to achieve a great improvement on performance, some novel substrate materials
have been also researched in recent years. In Table 1-2, it shows lots of properties of
semiconductors such as germanium (Ge) and gallium Arsenide (GaAs) which own much
higher carrier mobility than Silicon (Si): Because of their high cost, the epitaxy layer of Ge or
GaAs on Si will be necessary for manufacture. Moreover, lots of difficult issues must be
found suitable solutions. For example, Ge has.an.intrinsically low melt point and an unstable
native oxide compared to Si [8]. Hence, how to keep the high mobility without degrading
characteristics and integrate compatible processes with traditional CMOS are the purposes in
the future.

All researches about CMOS encounter a revolution for new materials. Maybe

Ge-channel and high-k materials with metal gate will become the main stream before long.



1-2 Motivation - Why nMOSFETSs on bulk Germanium?

We have known the necessity for the development of new materials so far. One of
hopeful research directions is Germanium, which provides excellent carrier mobility and a
similar position of band gap to Si. Perhaps this makes Ge more adequate for integrating with
conventional processes. Indeed, numbers of references has been published on this topic, and

the detailed characters are shown on Table 1-2. By considering the first order approximation

of drive current (lss) at saturation operation, it is given by

1 Weﬁ
|ds =— Cox
2 "M L

(Vg - Vin)? (1.1)

,where Co is the gate dielectric capacitance per unit area,  is the carrier mobility, Wes and
Ler are the effective channel width and length; respectively, Vy is the applied gate voltage, and
Vi is the threshold voltage. From this equation, Ge n-type MOSFET should perform a better
operating current than p-type MOSFET ideally due to the higher mobility of electrons.
However, there are many intrinsic issues: of Germanium during processes, and it seems
unlikely easy to solve.

The most different thing between Ge and Si is the natures of their native oxides. Unlike
SiO, with a highly thermal stability, Ge owns an unstable native oxide GeOx which is solute
in H,O and can be decomposed under 300~400°C [9]. In addition, as Table 1-2 which shows
Ge has a smaller band gap than conventional Si substrate, it will results in a higher junction
leakage current proportional to intrinsic carrier concentration n; (generation current) or n;?
(diffusion current). This also implies the formation of source and drain (S/D) junctions will
play an important role for the performance of the devices. Actually, p-type dopants for
forming p*-n junction in Ge can be almost completely activated with a low temperature

annealing about 550°C . Numbers of researches about pMOSFETs on Ge have been published



and indicated its potential on replacement for traditional Si-based pMOSFETSs; however,
topics about Ge nMOSFETSs are still fewer [10]. The conventional n-type dopants, such as
Phosphorus (P) and Arsenic (As), have lower solid solubilities in Ge than in Si. Hence, in
order to completely activate these dopants, a higher annealing temperature will be considered.
Unfortunately, a relatively low melting point of Ge compared to Si makes the process window
much small. Moreover, a higher activation temperature also causes significant dopant loss,
junction diffusion, and degrades gate stack integrity [11-14].

On the other hand, it indicates that Iy is also related to parameter Cqx from Eq. (1.1),
where Cq is determined by gate dielectric constant ( &) and its thickness (d). Because we
have mentioned that the thickness should not be thin enough to contribute a tunneling leakage
current, a high-k dielectric thin film may the last choice to improve the gate capacitance. In
order to achieve high quality thin film with a well controlled thickness, we exploited an ALD
system to deposit Al,O3 which has a similar band gap and band offset compared with SiOs.
The E4 and band alignment of some dielectric materials respective to Si are shown in Fig. 1-1.
In other words, we can obtain a SiO,-like film but with a higher dielectric constant. Besides,
ALD also provides a lower reaction temperature due to its mechanism — self-limiting atomic
layer controlled growth [15-16] and avoids excess thermal budget as much as possible.

In brief, the related processes about Ge nMOSFETS have been known. Hence, we tried to
fabricate n*-p junction diodes on bulk Germanium, and furthermore, with these results we

would also investigate the Ge nMOSFETSs by deposing Al,O3 and metal gate Al.



1-3 Organization of this thesis

In chapter 2, we tried to seek adequate annealing conditions for the formation of n*-p
junction on bulk Ge. During the optimization, the sample activated at 500°C for 30sec was
estimated the number of remainder defects inside. Besides, by utilizing the concept which
states total junction leakage currents were composed of Ja and Jp, we could know that the
leakage current was dominated by “area” or “perimeter” component qualitatively. An
quantitative extraction of Ja and Jp also consisted with these results, and we found no matter if
a capping layer SiO, was deposited before annealing, it exhibited defects along the perimeter
of implantation region should be eliminated well, or an increasing reverse current would
appear due to a large Jp. However, the ratio of perimeter current to total leakage current was
dependent on the dimension of our implantation area even if the defects were activated very
well. In addition, we found the influence of capping layer SiO, which was deposited just
before activation was to reduce the contact resistance between Al and Ge. Hence, a higher
forward current could be achieved. Subsequently, we obtained some conditions which
presented very similar electrical performances of diodes, and they would be chosen to form
source/drain in next chapter. Finally, an ideal value of reverse current was estimated, and it
was very close to our results.

In chapter 3, we followed these results of optimization in chapter 2 to form source and
drain in our Ge nMOSFETSs study. By comparing with the electrical performances of 14-Vy,
l¢-Vg, and some electrical parameters such as source-drain resistance, dopant in-diffusion
length, and sub-threshold swing, we tried to consist with our observation. However, it still
showed an unacceptable series resistance.

In chapter 4, we considered the FGA process to improve the drawback in pre-chapter. It

actually demonstrated both source-drain resistance and channel resistance could be much
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improved. Unfortunately, the junction leakage current became out of control and much
degraded the electrical performances on our Ge nMOSFETs. Some parameters were also

extracted to compare together before and after FGA.

In chapter 5, it gave the conclusions for our studies and some suggestions of the thesis

for the future work.
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Quantity Symbol Ge St InAs InP Gads GaP GaN  (Unit)

Crystal structure D D Zz Z z Z w -
Gap: Direct (D) / Indirect (I) I I D D D I D -
Lattice constant ag = 5.64613 543005  6.0584 58686 56533 54512 = g lgg i
=31
Bandgap energy E, = 066 1.12 0354 1.35 1.42 226 34 &V
Intrinsic carrier concentration  m; = 2x10%  Ix10°%  78x10%  1x107 106 16x10°  18x107F° em”
Effective DOS at CB edge N, = L0x10"¥ 28x10" 83x10™ 52x107 4.4x107 1.9x10®  23x10* om™
Effective DOS at VB edge N, = 60x10% 10x10" 64x10™ 11x10"® T7.710% 12x10¥  18x10%¥ em™
Electron mobility uy = 3800 1500 33,000 4600 8500 110 1500  cm'Vs
Hele mobility = 1800 450 450 150 400 75 30 ewlVs
Electron diffusion constant D, = 101 39 838 120 0 19 39 cm” (s
Hole diffusion constant Dy = 49 12 12 39 10 2 0.75 em’ (s
Electron affinity = 40 403 49 4.5 4.07 is 41 v
Minerity camier lifetime =10 107 107 10°¢ 1t 107 107¢ s
Electron effective mass me* = 164m, 098m, 0.022 0.08m, 0067Tm 082m, 0.20 m, -
Heavy hole effective mass my* = 0.28m, 0.49 m, 0.40 0.56 m, 0.45 m, 0.60 m, 0.80 m, -
Relative dielectric constant &= 16.0 11.9 15.1 124 13.1 111 89 -
Refractive mdex "= 40 i3 33 34 34 30 25 -
Absorption coefficientnear E;,  a« = 10° 10° 10¢ 10* 10* 10* 10* em™

D =Diamond. Z = Zincblende, W = Wurizite. DOS = Density of states. VB = Valence band. CB = Conduction band

The Einstein relation relates the diffusion constant and mobility in a nondegenerately doped semiconductor: D=p (i T/ ¢)
Minority carrier diffusion lengths are given by L, = (D,r)** and L, = (D,7)"*

The mobilities and diffusion constants apply to low doping concentrations (= 10** em™). Asthe doping concentration increases,
mobilities and diffusion constants decrease.

» The minority camier lifetime v applies to doping concentrations of 10°* cm™. For other doping concentrations, the lifetime « is
given by t=B"" (n = pJ”', where Bes. = 107'° cm®/s and By, = 107 cm’/s.

.- & & »
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o

, Y
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"5 E

[ Band Gap (eV)

Energy Band Gap (eV)

Dielectric material

Fig. 1-1 Energy band gap and band alignment of some high-K dielecrics relative to Si
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Chapter 2

Optimization of bulk Germanium n*-p junction

2-1 Introduction

We have known the intrinsic performances of Ge in chapter 1. In order to accomplish
nMOSFETs on bulk Ge successfully, the foremost target is to fabricate the n*-p junction with
an acceptable leakage current. Conventional n-type dopants, such as Phosphorus (P) and
Arsenic (As), are almost used in Si-based transistors and have high solubilities, insignificant
diffusion and especially little dopant loss.-However, all of these advantages are gone while Ge
substrate is substituted for Si. The primary issue IS that P has a relatively lower solubility,
which amounts to about 10®° cm™, in Ge than in Si [12-13]. To improve this, a higher
implantation dose or a higher activation temperature will be considered. Unfortunately, a
higher annealing temperature will give rise to significant diffusion and dopant loss for P in Ge.
Besides, the lower melting point of Ge (939°C) than Si (ca. 1400°C) makes the thermal
process window more narrow.

In this chapter, P was implanted into bulk Ge to form the n* region, and we tried to
optimize the thermal budget during activation in order to achieve perfectly electrical
performances of the n*-p junction. Not only activation time and temperature, we also studied
if they leaded to different electrical performances for implantation energy at 30keV and
60keV in section 2-3-3. Furthermore, we utilized the analysis of leakage paths to understand
where the defects will dominate the leakage current. The detail about the method will be
introduced in section 2-3-1. On the other hand, to prevent the dopant loss during activation,

we deposited a capping layer SiO, before annealing. Its effect will be shown in section 2-3-2.
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Besides, we also used the analysis of secondary ion mass spectroscopy (SIMS) and four-point
probe system to realize the electrical results. After above experiments, an ideal reverse

leakage current will be estimated at last.
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2-2 Experimental Procedures

In our diode study, p-type (Gallium (Ga), concentration ~ 2 x 10™ /cm®) Ge substrates
were prepared. After broking a new wafer into adequate size, we cleaned them in diluted HF
solution (HF:H,O = 1:100) and rinsed in deionized (D.l.) water alternately for several cycles.
Then we treated them by a HF dip and N, drying in order to form an H-bond passivation layer
on Ge surface. Furthermore, by using a Plasma Enhanced Chemical Vapor Deposition
(PECVD) system we deposited SiO, as the field oxide and hard mask for following
implantation. Then we defined the implantation region for n-type dopant — Phosphorous (P) —
by Mask 1 and etched SiO, by Buffer Oxide Etchant (BOE). Next, P was implanted into these
samples with dose 2 x 10* /cm? or 1 x 10*°/em?at 30 or 60 keV. Subsequently, samples were
activated in N, ambient at various temperatures ranging from 500 to 700 “C for 30sec, 60sec,
or 90sec by a rapid thermal annealing (RTA) system. Besides, the effect of capping 500
A-thick SiO, just before RTA process was also discussed. Then we used Mask 2 to define
contact hole and etched SiO, till Ge surface was exposed by BOE. Without removing
photoresist (P/R) after etching, we continuously used it as lift-off mask, so the samples were
directly deposited an aluminum (Al) layer as electrodes by a thermal coater system. Finally,
they were proceeded the last step — lift-off — in Acetone solvent (ACE) to remove P/R and
define electrodes spontaneously by Ultrasonic Sieving system. The overall fabrication
processes of the n*-p junction were illustrated in Fig. 2-1 with a brief way.

To study the performances of n*-p junction, we measured the current-voltage (I-V) by
HP 4156 system. Furthermore, the information of secondary ion mass spectrometry (SIMS)
and the sheet resistance (Rs) of some samples was also considered to consist with the

electrical characteristics.
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2-3 Results and Discussion

2-3-1 n*-p junction formation on bulk Ge with different activation
temperatures

Fig. 2-2(a) indicates that the electrical characteristics of diodes are as a function of the
activation temperature. We found that activation at 700°C, compared with 500°C, obviously
contributed to a lower leakage current. This improvement could result from more completed
dopant activation with increasing annealing temperature. Furthermore, our electrical
performances, compared with some recent publications [17-18], are more excellent due to a
leakage current about 10 A/cm? independent on voltage bias till 1 volt can be achieved. It
implies the leakage current is dominated by ideal diffusion current, and we can give a hopeful
perspective on Ge nMOSFET due to the stable drain leakage current. However, the forward
current is actually degraded slightly with a higher annealing temperature as well. Considering
the SIMS shown in Fig. 2-2(b), it exhibits samples activated at 700°C for 30sec accompany
more significant dopant diffusion and dopant loss than those at 500°C. Therefore, a lower
surface concentration for samples at 700°C leads to a higher sheet resistance (Rs) shown in
Fig. 2-2(c). It seems that the forward current for annealing at 700°C is degraded because of
the higher Rs. But the main reason is not Rs actually. It will be further demonstrated the
degradation is related to the contact resistance (Rc) in next section. How to improve it is also
the essential topic in Ge nMOSFET fabrication, and a simple method will be introduced in
next section, too.

Besides, in order to estimate the number of defects after annealing at 500°C, we

considered the equation shown as below.
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1

Rz, (2.1)
Jauton(x)ax

where Rs is the sheet resistance, n(x) is the concentration of the mobile carriers from surface
(x = 0) to bulk, g is the magnitude of the electronic charge, and ( (x) is the carrier mobility.
To simplify the condition, we assumed  (x) is the same for all cases and independent on x.

Finally, it becomes as below.

1

RS :W (22)

Subsequently, we also assumed all the dopants annealing at 700°C are totally activated, so the

total concentration of these carriers ( I n(x)dx , unit: #/cm?) would be 3.47x10% cm*, which

was calculated by integrating the Gaussian form, which is the fitting curve of 700°C, in Fig.

2-3 (SIMS). The detail is shown as below.
S X — Xo
C(x,t =308) = ——expi[- 1t 2.3
( ) V5 p{[ (2 ﬁ) ]} (2.3)

where C is the SIMS profile, S is the limited source, D is the diffusion coefficient, t is

activation time, and Xy is the position of the peak value.

Ios:r:nml.354 x10% x {exp[— * _8(13221 '—6)2]} dx=3.474x10%° (nmx#/cm?),

where the integration range is from 0 (surface) to 500 nm depth. Because the concentration is
almost 1% of the peak value at 500nm, and it has less contribution on this integration. For the

case of annealing at 500°C, it is almost box-shaped till 200 nm where is 1% of the peak value.

Hence, the integration jn(x)dx for activation at 500 ‘C becomes just ng, x100

(nmx#/cm?) independent on x. Eq. (2.2) indicates Rs is inversely proportional toIn(x)dx.

Finally, we had the relation as below.

1 1

R%: Ry/®=75.74:130.3 = ; =
Ny, x100 3.474x10

Hence, nsoo can be figured out, and it equals 5.98 x 10* cm=. We also labeled it in Fig. 2-3
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(green dashed line). It means the number of dopants activated at 500°C. Then, to estimate the

numbers of defects, we calculated the difference between SIMS profile and ny, . The

calculation is shown as below.
(1.2x10" —5.98x10") x (100nmx107") = 6.02 x10"cm™

Note this result is base on our assumption which states there is no defect in the case of 700°C.
However, the dopants after annealing at 700°C can’t be activated completely in real.
Therefore, 6.02 x 102 cm™ is a “minimum” value, and it gives us the sense of the amount of
defects under such process condition.

Following, we would discuss the leakage paths of reverse currents in lots of cases. Fig.
2-4 shows the box-shaped implantation region. The dashed line is the space charge edge
which is a function of the voltage bias, and. defects inside will contribute to a drift leakage
current. It implies possible paths of leakage _currents can be separated into two main parts —
perimeter leakage current density (Jp) and area leakage current density (Ja). The former is
almost dependent on surface defects, e.g. between Ge and SiO,, in the space charge region,
and the latter is dependent on bulk defects. Fig. 2-5 shows the electrical characteristics of the
n*-p junction activated at 500°C for 30sec with various implanted area. Fig. 2-5(a) displays
the original data, and it implies the sheet resistance can’t be ignored due to the slightly
decreasing forward current with the increasing dimension. To understand the paths of reverse
leakage currents, original data in Fig. 2-5(a) is divided by ion-implanted area or ion-implanted
perimeter, and the results are shown in Fig. 2-5(b) and Fig. 2-5(c), respectively. It can be
understood from the total reverse leakage current shown as below.

I =IaxA+JpxP, (2.4)

where | r is the total leakage current, A is the implanted area, P is the perimeter of A. If Ir is

divided by A or P, it will become Eq. (2.5) or Eq. (2.6), respectively.
I—REJA=JA+JPXE (2.5)
A A
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R RV SN (2.6)
P P

Here we assumed Ja and Jp were unknown constants; the ratio of P and A were variable due
to three dimensions on our mask. If J, dominates the total leakage current, namely Jp can be

ignored, Eq. (2.5) will result in the same value of J * no matter which dimension is. Or, if Jp

dominates, Eq. (2.6) will show J ” is a constant even through % is a variable. By this

analytic method, we can quickly figure out which component of leakage current (Ja or Jp)
dominates more in quality.

Fig. 2-5(b) indicates there are different leakage currents with various dimensions, but Fig.
2-5(c) gives the opposed result qualitatively. It means that the “perimeter” leakage current is
more significant than *“area” component obviously. We also used Eqg. (2.5) to extract Ja and Jp,
and the result was shown in Fig. 2-5(d). The slope and intercept in y-axis relates to Jp and Ja,
respectively. Fig. 2-6 also displays samples activated at 600°C have a similar behavior to
those activated at 500°C. On the other hand, it also exhibits that Ja is negative for these two
cases, but actually it should be small.and positive. Maybe this linear extrapolation method
doesn’t fit the real behaviors for 500°C and 600°C cases as it is close to the intercept of
y-axis. But for the case of 700°C, it owns different characteristics in Fig. 2-7. It is obviously
that the area leakage current dominates the leakage path, because Fig. 2-7(b) is more
“convergent” than Fig. 2-7(c). Hence, the *“area” current dominates the total leakage current.
At last, the three activation conditions are also plotted together in Fig. 2-8. It reveals Jp can be
reduced effectively in Fig. 2-8(b) and contributes to a lower leakage current.

Besides, we also found a smaller dimension would make perimeter current more

important.

2
h_ @2 g 27)
Ip Jexd4a Jr 4

Hence, as we shrink the dimension, Ip will more dominate the off-state current. In other words,

defects along the perimeter should be eliminated well.
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2-3-2 The effect of capping SiO, before activation

Fig. 2-9(a) shows the effect of capping SiO, on electrical characteristics. Although the
reverse currents are almost the same, the forward current is increased much for the sample
capped SiO, before activation. Furthermore, when we treated the capped sample with a longer
activation time till 90sec, the forward current kept the similar behavior, but it degraded the
leakage current seriously. The degradation presents that excess of thermal budget may result
in precipitates of phosphorous. Therefore, those defects in Ge will give a larger leakage
component [12]. Fig. 2-9(b) exhibits the SIMS profiles, and an obvious difference between
the samples with and without capping layer near the surface is shown. The phenomenon
seems capping SiO, can suppress “out-diffusion” during activation due to a higher surface
concentration, compared to samples without capping, even if it extends activation time till
90sec. It can be expected that a higher surface concentration should result in a lower sheet
resistance. However, when we measured the sheet resistance, it indicated close values in Fig.
2-9(c). In Eq (2.1), Rs is related to the integration of the concentration profile. We attended to
the SIMS profile again, and found the peak for the capped samples should have less
contribution on the integration which was integrated from surface to junction depth.
Accordingly, the improvement of those capped samples is not due to a smaller sheet
resistance.

Another possibility of the improvement is that a lower contact resistance (R;) may be
achieved for samples capped SiO,. Hence, we utilized the Ry data measured by the four-point

probe system to reduce a variable and considered the equation shown as below.

. Rsxd

R + 2R

(2.8)
=Rsx1.6 + 2R

,where R is the total resistance from the measurement of current-voltage (I-V) characteristics

by the structure illustrated in Fig. 2-10(a), d and Z are shown in the figure as well, R is sheet
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resistance, and R; is contact resistance. The characteristics of I-V are shown in Fig. 2-10(b),
and R can be extracted at about 1volt due to the Schottky properties in small voltage bias. By
Fig. 2-9(c) and Fig. 2-10(c) (circle symbols) we knew the values of Rs and R, respectively.
Hence, R; can be estimated from Eq. (2.8), and it is plotted together with R in Fig. 2-10(c).
Because there are two contacts in our test structure, the total contact resistance is 2R.. From
Fig. 2-10(c), 2R, contributes a ratio more than fifty percents on total resistance obviously. In
other words, the contact resistance dominates the total resistance. More important, it also
reveals a smaller R can be achieved for the capped samples.

Besides, Fig. 2-11(a~ b) displays the electrical characteristics of the samples capped SiO;
with various activation temperature ranging from 600°C to 700°C . We found both the forward
and reverse currents were improved with the increasing activation temperature. Comparing to
these samples which are no capping layer during annealing in Fig. 2-11(c), the degradation of
forward current is observed though it also improves the leakage current with increasing
temperature. We contributed this difference to the effect of R again. To check it, the relation
between R and R, for some samples above is presented in Fig. 2-12(a), and the details of these
conditions are shown in Table 2-1. Then, two things can be observed. First, it displays a
similar result which shows 2R will dominate R no matter what the value of R is. Second,
decreasing R. with increasing activation temperature for capped samples may be assigned to
their various surface concentrations which lead to different schottky barrier heights (¢, ). s,
will reflect on the specific contact resistances [19]. Hence, the SIMS profiles of the capped
samples after annealing at 600 and 700°C for 30sec are shown in Fig. 2-13(a). We could find
these capped samples can prevent dopant loss obviously. Besides, an increasing activation
temperature will result in a more severe diffusion. Combining this two effects, more dopant
will accumulate near the surface with a higher activation temperature. Finally, the tendency of
a decreasing contact resistance with an increasing temperature can be understood for these
capped samples. Similarly, because Fig. 2-13(b) exhibits a higher activation temperature
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accompanies more significant dopant loss, an opposite relation between annealing
temperature and contact resistance in Fig. 2-12 can be realized as well.

As we done in pre-section, it was also extracted Ja and Jp from the conditions in Fig.
2-11(a). We could find the area leakage current would dominate more with increasing
activation temperature from Fig. 2-14 to Fig. 2-16. The fitting lines and extracted values are
compared in Fig. 2-17(a) and Fig. 2-17(b), respectively. It indicates not only more completed
activation leads to smaller values of Jx and Jp, but also an important thing: with the increasing
annealing temperature, Jp is reduced about a factor of thirty more than Ja is. Hence, it proves
that Jp should be eliminated well during activation to obtain good junction performances
again. A similar phenomenon was also observed in some publications [20-21]. Besides, bulk
defects due to implantation have been demonstrated that they can be totally activated after
annealing at temperatures ranging from 500 to 600°C - [17,22]. It consists with our extracted
Ja in Fig. 2-17(b) which exhibits Ja-is almost the same from 600 to 700°C. Namely the bulk
defects in our studies can be activated: well at 600°C. Hence, a much higher annealing
temperature we chosen till 700°C is just for activating those defects along the perimeter of

our implantation region. However, a directly physical proof should be checked out.

2-3-3 The effect of different implantation energies and activation times on the
electrical characteristics of diodes

We have known some adequate process conditions, such as capping SiO, and activation
at 700°C, for the formation of n*-p junction on bulk Ge so far. In order to optimize better,
some conditions of implantation energies and activation times were selected to study. In this
section, all samples were capping SiO, before annealing at 700°C, and Table 2-2 shows the
conditions we proceeded. Fig. 2-18(a~b) illustrate the 1-V characteristics and sheet resistance
of all conditions, respectively. Activation for 30sec or 60sec results in very similar 1-V
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performances, but it exhibits the same degradation on leakage currents for a longer activation
time till 90sec no matter which implantation energy is chosen. This degradation may result
from excess of thermal budget that will result in P precipitates we mentioned before. The
precipitates should be distributed from surface to a depth less than 100nm due to the SIMS
profile in Fig. 2-9(b) which shows a peak at this range [12]. Then, Fig. 2-18(b) gives us the
brief picture. Because the precipitates are close to the Ge surface relatively to the junction
depth, which is estimated over 400nm at least, a much larger “perimeter” leakage current will
be introduced due to those precipitates in the space charge region. It can consist with Fig.
2-21 and Fig. 2-24, which show Jp will become larger after activation for 90sec. That may be
why the reverse current degrades after higher thermal budget.

The sheet resistance demonstrated in Fig. 2-18(c) only relates to the implantation energy,
but not relates to the activation time. Furthermore, there are smaller sheet resistances for the
samples at implantation energy of 60keV than 30keV, and it also responds to the forward
current slightly. We attributed this to a deeper junction for implantation energy of 60keV, and
it might result in a smaller Rs due to Eq. (2.1). On the other hand, it shows the study about the
paths of leakage currents from Fig. 2-19 to Fig. 2-24 again. Instead of activation for 90sec we
mentioned above, it could be found the performances for activation time of 30sec and 60sec
for both implantation energies were very similar. All of the four conditions exhibit “area”
leakage current dominates the leak qualitatively. Of course, the condition of activation for
90sec is not suitable for our purposes of fabricating devices due to its increased leakage
current. Hence, we only considered the conditions of annealing for 30sec and 60sec and
plotted their figures (d) together in Fig. 2-25(a). Ja and Jp are extracted and illustrated in Fig.
2-25(b). Integrating the qualitative and quantitative results, it shows that these four conditions
are almost undistinguishable.

At last we estimated the ideal leakage current and compared with our results.

Considering the equations as below:
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v
J =Jp+Jn=Jsx[ekT —1} (2.9)

e - qupno n CIDnnpo

2.10
Lp Ln (210

, Where J is the diffusion current density ideally, J, (or J,) are the minority hole (or electron)
current density which diffuses from p-region to n-region (or n-region to p-region), and Js is
the saturation current density. In Eq. (2.10), pno and ny, are the equilibrium hole density in the
n-region and electron densities in the p-region, respectively; L and D are the minority carrier

diffusion length and diffusion coefficient, and the indexes in Eq. (2.10) mean which the

2 2
region is (n or p). We also used those relation, pro :nN;’ Npo :nN;, D :l%-,u, L=+Dr,to
d a

substitute Eq. (2.10). Then we could calculate it as below.

Js = gni® S ﬂ><k—T+i ﬂ><k—T
Na \ » q Na'\l q

1 \/ 1900 1 \/ 3900

%0.0259 +
10 \V8.6x10~" 2x10" \1.87x10°

= (1.6x10™)(2.4x10")* [

x 0.0259]

~1.07x10™* (A/lcm?)

From Eq. (2.9), it hints the reverse diffusion current Jg should be equal: —Js. Comparing

our best performances shown in Fig. 2-17(a) to the value Js we estimated above, the ratio of

Js(ours) ~ 2. And ours diodes reach a ratio of J (forward) about 10*”.

themis ————
Js(estimated) J(reverse)
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2-4  Summary

We have fabricated the n*-p diodes on bulk Germanium successfully, and a reverse
current about 2x107* A/cm?very close to our estimated ideal value about 1x10~*A/cm? can
be achieved. We also estimated the number of defects for samples annealing at 500°C . It gives
an order of 10*3cm™. Besides, the most important thing in our studies is the analysis of paths
of the leakage current. No matter if capping SiO, before activation, we could find the total
leakage current was dominated by the “perimeter” component for activation at 500 and 600°C .
With an increasing temperature, it shows an interesting tendency which exhibits the area
leakage current becomes more dominant than perimeter component till 700°C. Not only the
qualitative analysis, we also extracted the values of Ja and Jp. It is demonstrated that the
elimination of perimeter defects which.lead to a large value of Jp is the target of activation. In
other words, we should eliminate those defects along the perimeter of implantation region
effectively. Besides, the capping effect on the I-\V/_performances of diodes is investigated in
our studies. It displays a smaller contact resistance will be obtained if a SiO, thin film is
deposited before activation. In addition, samples with capping SiO, will get a decreasing
contact resistance with an increasing activation temperature from 600 to 700°C . This behavior
is opposite to samples without capping layer. The phenomenon can be attributed to their
different surface concentrations which lead to various energy barrier heights. We also treated
implantation energies of 30keV and 60keV, but similar performances were displayed. First,
activation for 90sec displays a higher leakage current whatever the implantation energy is
chosen. We applied this to the formation of P precipitates which are very close to the Ge
surface. Hence, a large perimeter current occurs. Second, implantation energies of 30keV and
60keV with further activation for 30sec or 60sec present identically electrical performances.

And a ratio of forward to reverse current about 5 x 10* at +1 volt can be achieved.
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A. Wafer cleaning (HF:H,O = 1:100) FOX

Ge (p-type)
Deposit Field Oxide by PECVD
B. Define n*-region (1% mask)
Phos.

Implantation (Phos.)

C. Some samples are capped SiO,.
(PECVD)

D. Dopant activation (500 ~ 700°C)

E. Define contact hole (2" mask)

P/R
N
My F N s

N
N

S

Etching SiO; by BOE

Without remove P/R

(Capped SiO,) (Uncapped SiO,)

F. Al deposition (thermal coater)

(Mlustration by uncapped samples)

G. Lift-off to define Al pattern in ACE I I_

Fig. 2-1 n*-p junction fabrication flow chart
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Fig. 2-2 (a) The Ja-V performances of diodes activated at 500 to 700 C for 30sec. (b) and (c)

are the measurement of SIMS and R, respectively. Note the samples are not capped SiO;
before annealing.

=24 -



y = 1.354x10"® exp(-((x-121.6)/86.2)"2)
Phos., 2E14 cm’, 30 keV
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Fig. 2-3 It shows the fitting line of activation- at 700 T (solid curve) and an estimated
activation level after annealing at 500 C (green.dashed line). Note the samples are not
capped SiO, before annealing.

Fig. 2-4 This picture illustrates the paths of junction leakage currents. The box-shaped is the
implantation region of Phosphorus with a perimeter of a. The dashed line is the edge of space
charge region, and defects inside will contribute to a drift leakage current. We separated the
current into two main parts, Jx and Jp.
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Fig. 2-5 (a) The I-V characteristics of junctions activated at 500 C for 30sec with various

dimensions. (b) and (c) show the Ja-V and Jp-V characteristics, respectively. It hints the
“perimeter current” dominates the leakage current qualitatively. (d) It shows the extracted Ja
and Jp quantitatively. Note the samples are not capped SiO; before annealing.
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Fig. 2-6 (a) The I-V characteristics of junctions activated at 600 C for 30sec with various
dimensions. (b) and (c) show the Ja-V and Jp-V characteristics, respectively. It hints the
“perimeter current” dominates the leakage current qualitatively. (d) It shows the extracted Ja
and Jp quantitatively. Note the samples are not capped SiO; before annealing.
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Fig. 2-7 (a) The I-V characteristics of junctions activated at 700 C for 30sec with various
dimensions. (b) and (c) show the Ja-V and Jp-V characteristics, respectively. It hints the *““area
current” dominates the leakage current qualitatively. (d) It shows the extracted J and Jp
guantitatively. Note the samples are not capped SiO, before annealing.
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Fig. 2-8 (a) The comparison of the leakage current at various activation temperatures. It is
plotted by combining Fig. 2-5(d), Fig. 2-6(d), and Fig. 2-7(d) together. (b) The extracted Jp
from (a) decreases with the increasing activation temperature.
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Fig. 2-9 (a) It exhibits the Ja-V performances of diodes activated with or without capping
layer SiO,. (b) and (c) are the measurement of SIMS and Rs, respectively.
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Fig. 2-10 (a) The test structure is utilized to extract the contact resistance. The upper and
lower pictures are the profile and top view of this structure. (Z = 100 um, d = 160um) (b) The
I-V characteristics of the test structure with or without capping layer. (c) The extracted total
resistance from (b) and calculated R. are plotted together.
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Fig. 2-11 (a) The Ja-V performances of diodes activated at 600 to 700 C for 30sec. Note the
samples are capped SiO, before annealing. (b) It is the measurement of Rs. (C) The Ja-V
performances of diodes activated at 500 to 700 C for 30sec. Note the samples are not capped
SiO; before annealing.
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Fig. 2-12 The extracted total resistance and calculated contact resistance are plotted together.
The details of those labels are shown in Table. 2-1.

Implantation

condition {:m-z, ev) Ten?;?[. <) :i?JF:
a300 2E14, 30K 200 X
as00 2E14, 30K 600 X
ario 2E14, 30K 700 X
BE00 1E15. 60K 600 ]
B700 1E15. 60K 700 0]

w/o cap 1E15, 60K 700 X
b90s 1E15, 60K 700 0

Table 2-1 The details of those labels in Fig. 2-12.
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Fig. 2-13 (a) and (b) are the profiles of SIMS for samples with and w/o capping SiO, before
annealing, respectively. Samples in (a) are activated at 600 or 700 ' for 30sec. Samples in (b)
are activated at 500 or 700 ' for 30sec.
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Fig. 2-14 (a) The I-V characteristics of junctions activated at 600 C for 30sec with various
dimensions. (b) and (c) show the Ja-V and Jp-V characteristics, respectively. It hints the
“perimeter current” dominates the leakage current qualitatively. (d) It shows the extracted Ja
and Jp quantitatively. Note the samples are capped SiO; before annealing.

-35-



10

102} Phos., 1E15 cm™, 60 keV
650°C act., 30s
—e— small
10°% —=— medium
—A— large (dimension)
< 104}
105 f 4
106 ]
107 L L L s
-1.0 -0.5 0.0 0.5 1.0
Voltage (V)
107
102} Phos., 1E15 cm™, 60 keV
650°C act., 30s
—e— small
102 —=&— medium
€ —— |arge (dimension)
i 104} Perimeter ratio = 1:1.91:3.66 ]
e
105 f
106
107 L L N
-1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Fig. 2-15 (a) The I-V characteristics of junctions activated at 650 C for 30sec with various
dimensions. (b) and (c) show the Ja-V and Jp-V characteristics, respectively. It hints the *““area
current” dominates the leakage current qualitatively. (d) It shows the extracted J and Jp
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Fig. 2-16 (a) The I-V characteristics of junctions activated at 700 C for 30sec with various
dimensions. (b) and (c) show the Ja-V and Jp-V characteristics, respectively. It hints the *““area
current” dominates the leakage current qualitatively. (d) It shows the extracted J and Jp
guantitatively. Note the samples are capped SiO, before annealing.
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Fig. 2-17 (a) The comparison of the leakage current at various activation temperatures. It is
plotted by combining Fig. 2-14(d), Fig. 2-15(d), and Fig. 2-16(d) together. (b) The extracted
Jp and Ja from (a) decreases with the increasing activation temperature.
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(©) (©) (X) (o) (©) (X)

Implant Energy (keV/)
(1E156m?) 30 | 30 | 30 | 60 | 60 | 60
Activation time (s)
(700:C) 30 | 60 | 90 | 30 | 60 | 90

Table 2-2 The conditions of various implantation energy and activation time we chosen.
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Fig. 2-18 (a) and (c) are the Ja-V characteristics and sheet resistance of six samples in Table.
2-2. (b) A picture shows ““perimeter”” leakage current induced by Phosphorus precipitates.

-39-



T T T T T T T T T T
10* 2 1
102 f i Phos., 1E15 cm™, 30 keV
o 700°C act., 30s
10°F —&— small ]
10% | 1 —&— medium
101 | —a— large (dimension)
- E Arearatio = 1:4.22 :17.53
_ 104 1 £ ,2
< s 107 F 1
= <
10-5 B 2 T '-;( 10-3 L -
Phos., 1E15cm™, 30 keV
6 | 700°C act., 30s i
10 104 4
—e— small
; —&— medium
107 F —a— large (dimension) 1 10° | E
1 1 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Voltage (V) Voltage (V)

(@) (b)

T T T T T 25 T T T T T
10 Phos., 1E15 cm?, 30 keV
7009 act. 305 Phos., 1E15 cm?, 30 keV
102k mal | 20 700°C act., 30s
—=— medium <
N —4— |arge (dimension) §
T 10°F Perimeter ratio = 1:1.91:3.66 | < 15 T
L o
< 104} - =
- s 10 1
<
-5 |k - ~
10 - o V=05V
05F Fi 4
it curve
10° | E y=(1.112x10°%) +(1.022x 10°%) x %
1 1 1 1 1 O'O 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 0 20 40 60 80 100 120
Voltage (V) Perimeter / Area (cm'l)

(©) (d)

Fig. 2-19 (a) The I-V characteristics of junctions which were treated implantation energy of
and activated at 700 C for with various dimensions. (b) and (c) show the Ja-V
and Jp-V characteristics, respectively. It hints the “area current” dominates the leakage
current qualitatively. (d) It shows the fitting curve for extracting Jx and Jp quantitatively.
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Fig. 2-20 (a) The I-V characteristics of junctions which were treated implantation energy of
and activated at 700 C for with various dimensions. (b) and (c) show the Ja-V
and Jp-V characteristics, respectively. It hints the “area current” dominates the leakage
current qualitatively. (d) It shows the fitting curve for extracting Jx and Jp quantitatively.
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Fig. 2-21 (a) The I-V characteristics of junctions which were treated implantation energy of
and activated at 700 C for with various dimensions. (b) and (c) show the Ja-V
and Jp-V characteristics, respectively. It hints the *““perimeter current” dominates the leakage
current qualitatively. (d) It shows the fitting curve for extracting Jx and Jp quantitatively.
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Fig. 2-22 (a) The I-V characteristics of junctions which were treated implantation energy of
and activated at 700 C for with various dimensions. (b) and (c) show the Ja-V
and Jp-V characteristics, respectively. It hints the “area current” dominates the leakage
current qualitatively. (d) It shows the fitting curve for extracting Jx and Jp quantitatively.
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Fig. 2-23 (a) The I-V characteristics of junctions which were treated implantation energy of
and activated at 700 C for with various dimensions. (b) and (c) show the Ja-V
and Jp-V characteristics, respectively. It hints the “area current” dominates the leakage
current qualitatively. (d) It shows the fitting curve for extracting Jx and Jp quantitatively.

-44 -



T T T T l-
Phos., 1E15 cm?, 60 keV
700°C act., 90s

—&— small

—&— medium

—a— large (dimension)

101 -

100 -

10—1 -

rqE“ Area ratio = 1:4.22 :17.53
— 8 10'2 - -
< <
<
, = 108} g
Phos., 1E15cm™, 60 keV
10 | 700°C act., 90s i 104 | ]
—e— small
; —=— medium
107 | —a— Jarge (dimension) 1 10 | 1
1 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Voltage (V) Voltage (V)
(a) (b)
1 T T T T T 100 T
0 Phos., 1E15cm?, 60keV | ® V=05V
700°C act., 90s 80} Fit curve
102 | —e— small B y =(-1.645x 10°%) + (9.509 x 10°°) x y,
—=— medium <
. —a— |arge (dimension) § 60 f
T 10°F Perimeter ratio = 1:1.91:3.66 | <
L = |
< 104} § =
'-31 \é’
— 20 -
10% | 4 <
ol Phos., 1E15 cm? 60 keV |
106 F ] 700°C act., 90s
1 1 1 1 -20 " " " N N
-1.0 -0.5 0.0 0.5 1.0 0 20 40 60 80 100 120
Voltage (V) Perimeter / Area (cm™)

©) (d)

Fig. 2-24 (a) The I-V characteristics of junctions which were treated implantation energy of
and activated at 700 C for with various dimensions. (b) and (c) show the Ja-V
and Jp-V characteristics, respectively. It hints the *area current” dominates more
qualitatively. (d) It shows the fitting curve for extracting Ja and Jp quantitatively.
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Fig. 2-25 The four samples in Table. 2-2 were treated implantation energy of 30keV or 60keV
with further activation at 700 ' for 30sec or 60sec. (a) shows the fitting curve for extracting
Ja and Jp quantitatively, and the extracted values are plotted in (b).
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Chapter 3
The electrical performances of Germanium
NMOSFETSs with various conditions of source/drain

junction formation

3-1 Introduction

In chapter 2, we have optimized the thermal process for the Ge n*-p junction formation.

Consequently, a reverse current of ca. 2 x10™* A/cm? from 0 to 1volt could be achieved with

J(forward)

ratio about 5 x 10%. On'the other hand, our group has studied the physical and
J(reverse)

electrical characteristics of the MOS structure (Pt / ALD Al,O3 / p-type Ge / Al') on bulk Ge
and has attained adequate deposition condition of atomic layer deposition (ALD) system [23].
Therefore, we further integrated these correlative processes to form Ge nMOSFETSs in this
chapter. It indicates that implantation energy of 30keV or 60keV with further activation at 700
‘C for 30s or 60s results in very similar and good electrical characteristics in section 2-3-3.
Hence, we fabricated Ge nMOSFETSs with these four conditions.

To realize our devices, we used a 4-mask process which was gate-last. Though electron
mobility is much higher than hole mobility in Ge, we have mentioned that Ge nMOSFETSs
process would confront higher thermal budget than pMOSFETs because of the lower n-type
dopant solubility. Hence, a worse gate stack for nMOSFETS, compared with pMOSFETs, may
degrade the electrical performances due to more severely scattering mechanism such as
surface roughness [24]. After the studies of above four conditions, we tried to reduce the

thermal budget by decreasing activation temperature or activation time in section 3-3-2. In
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this chapter, we investigated the electrical characteristics of Ge nMOSFETSs, such as I4-Vy and
I¢-Vg, and further extracted sub-threshold swing (S.S), threshold voltage (Vth), source-drain
series resistance (Rsp), and dopant in-diffusion length (AL), etc. Finally, we tried to figure

out the physical meaning between those extracted parameters and conditions as possible as we

could.

-48 -



3-2 Experimental Procedures

In our NMOSFETs study, p-type (Gallium (Ga), concentration ~ 2 x 10® /cm®) Ge
substrates were prepared. After broking a new wafer into adequate size, we cleaned them in
diluted HF solution (HF:H,O = 1:100) and deionized (D.l.) water alternately with several
cycles. Then we treated them by a HF dip and N, drying in order to form an H-bond
passivation layer on Ge surface. Furthermore, we deposited SiO, as field oxide and hard mask
for following implantation by using a Plasma Enhanced Chemical Vapor Deposition (PECVD)
system. Then we defined the implantation region for n-type dopant — Phosphorous (P) — by
Mask 1 and etched SiO, by Buffer Oxide Etchant (BOE). Next, P was implanted into these
samples with dose 1 x 10™ /em? at 30 or.60 keV. Subsequently, samples were deposited 500
A-thick SiO, by PECVD system and-treated by a rapid thermal annealing (RTA) system in N,
ambient at 650 or 700°C for various-activation time ranging from 5sec to 60sec. Then we used
Mask 2 to define the active region and etched SiO; till Ge surface was exposed by BOE. After
remove the photoresist (P/R), we treated these samples by a HF dip (HF:H,O = 1:30) for a
few seconds to avoid the native oxide formation as possible as we could. Then we put these
samples into the atomic-layer-deposition system (ALD) in Instrument Technology Research
Center (ITRC) as fast as we could and deposited Al,O5 thin film. In ALD system, Al,O3 was
achieved by pulsing alternative Tri-methyl- aluminum (TMA, or Al(CHs)3) and H,O as the
metal and oxidant precursors, respectively, into the reactor for 1sec every precursor at a
constant pressure about 10 torr; an N purge for 10sec was also treated after each precursor
reacting for 1sec in order to remove residual precursors. The main recipe of ALD thin film as
gate dielectric was reaction for 100 cycles at 170°C and it would have a thickness about 110A.
After the deposition of Al,O3, we continually etched the contact hole by Mask 3, and

deposited Al by thermal coater as soon as possible. Finally, samples were defined the Al
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pattern as electrodes by Mask 4. The overall fabrication processes of MOSFET were
illustrated in Fig. 3-1 with a brief way. At last, we measured the characteristics of
current-voltage (I-V) and capacitor-voltage (C-V) by HP 4156 system and HP4284,

respectively.
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3-3 Results and Discussion

3-3-1 Electrical characteristics of Ge nMOSFETs with various implantation
and activation conditions

After optimizing the thermal process in chapter 2, we fabricated nMOSFETSs under these
four conditions, which were implantation energy of 30keV or 60keV with further annealing
for 30sec or 60sec. Fig. 3-2(a~b) show the I4-Vy and G-V performances, respectively. 14-Vg
exhibits all samples have close off-state currents, but an obvious difference of their on-state
currents can be seen, and Gm-Vq also has a similar phenomenon. We attributed this to the
effect of series resistance from source to drain. Fig. 3-2(c) also displays their I4-Vq4
characteristics together. We could find that the well-known “linear region” here was not linear
obviously. It hints somewhere in the-current path, namely from source to drain, gives a high
series resistance which effects the performance again. Furthermore, series resistances of these
four conditions can be compared qualitatively by the degree of “rising” drain current in the
linear region, such as V4= 0.5 volt. Accordingly, the resistance for sample marked (30keV,
30sec) seems lowest; resistances of other samples marked (60keV, 30sec), (60keV 60sec), and
(30keV, 60sec) are arranged from low to high in order. The tendency consists with I4-Vy and
Gm-Vy performances. On the other hand, it seems that a longer activation time will degrade
drain current no matter which implantation energy is. Fig. 3-3 shows the extraction of
source-drain series resistance (Rsp) and dopant in-diffusion length (AL), and Fig. 3-4(a)
displays the result. We could find a larger AL would accompany a larger Rsp with a longer
activation time actually.

To realize above phenomenon, Rsp can be divided into several parts which are contact
resistance (Rc) between Ge and Al, sheet resistance (Rsy) in implanted region, spreading

resistance (Rsp), and accumulation resistance (Racc) Which is due to doping gradient [19,25].
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The four resistances are also shown in Fig. 3-4(d). Refer to R; and Rg,, we have extracted
them for some cases in section 2-3-2. Fig. 2-12 shows those capped samples own the total
resistance about 2002, and this can be as an estimated value of the sum of 2R; and 2R, (2 is
due to source and drain.) in our nMOSFETSs study. Although Fig. 2-10(a) and Fig. 3-4(d)
exhibit different structures, we believed they had close values of R, and R, due to their
dimensions. Hence, 200 €2 compares with our extracted values of Rsp which is over 800¢2 at
least, it hints other two resistances, namely Racc or Rsp, will dominate the Rsp. Besides, higher
thermal budget will lead to more severe dopant diffusion. This makes the dopant
concentration near the junction less gradient and increases the overlap region between gate
and S/D. Accordingly, Racc will become larger with higher thermal budget. In other words,
Racc can be assigned to the behaviors of AL and Rgp with activation time in Fig. 3-4(a).
Besides, a relatively more serious drain-induced barrier lowering (DIBL) effect on
Germanium than on Silicon will be expected by charge-sharing model due to its larger

dielectric constant. It can be considered the equation shown as below [19].

| !
PAVAR: Lk L) VA Y L | BT (3.1)
Col I r

, Where AV is the difference of threshold voltage as we consider the charge-sharing model
(or say, DIBL effect), Wy, is the depletion width of the S/D junction, and £is the dielectric
constant of the bulk material (16 for Ge, and 11.9 for Si). The charge-sharing model also
illustrates in Fig. 3-4(d), and the red dashed line is the depletion edge. In our study, it was
actually observed the DIBL effect between V4 = 0.6V and 2.1V, and plotted the result in Fig.
3-4(b) with the AL we extracted above. A strong relation between DIBL and AL can be
seen obviously, and it may be explained as following. A larger AL will introduce a smaller
effective channel length (Lesr = Lmask -AL), and it may contribute more significant DIBL
effect due to Eqg. (3.1) which states L (L) is inversely proportional to A V1. Furthermore, a

larger AVy (DIBL effect) will lead to a smaller Vy, under the same voltage bias. To verify it,
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V, for channel length 5 ¢z m is plotted with observed DIBL for channel length 4 1z m together
in Fig. 3-4(c), and it indicates the results we expected. Besides, the relation between Vi, and A
L are also shown in Fig. 3-5(a); Fig. 3-5(b) and (c) display Vi and DIBL with various channel
length, respectively.

On the other hand, we plotted the fitting lines in Fig. 3-3 for V4 — Vi = 5V together in
Fig. 3-6, we could find that a longer activation time led to a higher “channel resistance” due to
its larger slope. Maybe the reason is that more thermal budgets will degrade the channel
performance, such as increased scattering effect between Ge and Al,O;. We also used
single-frequency method to extract the interfacial density of state (Dj;) at 100K Hz, and found
activation for 60sec had a slightly higher Dj; about 5.24x10"eVcm™ than 30sec did. To
compare further electrical performances, the sub-threshold swing (S.S.) and on-off ratio are
also extracted and exhibits in Fig. 3-7(a). At last, we concluded the sample marked (30keV,
30sec) has the best electrical characteristics by above analysis, and plotted its C-V, 13-V, and

PRV in Fig. 3-7(b "'d)

3-3-2 The effect of reducing thermal budget during activation on electrical
characteristics of the Ge nMOSFETs

Although we have investigated that the sample which was treated implantation energy
30keV and activated at 700°C for 30sec owned the best result from pre-section conditions, it
still revealed an obvious dopant in-diffusion length (AL). In order to improve this, we tried to
reduce the thermal budget, because the experience of pre-work told us that AL would larger
with an increasing activation time. Hence, reducing activation time and decreasing activation
temperature are taken into account. Accordingly, (650°C, 30sec), (700°C, 5sec), (700°C,
15sec), and (700°C, 30sec) are chosen. The label stands for activation temperature and time.
Fig. 3-9(a) shows the I4-Vy and G-V of some conditions we chosen. The sample activated at
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650°C, compared to 700°C, exhibits an unacceptable degradation on both on- and off-state
currents. However, we found similar off-state currents for samples activated at 700°C for 5,
15, and 30sec could be seen. It may hint the temperature is more dominate than time during
annealing. In addition, it also reflects the series resistance form source to drain due to
different drain currents. Fig. 3-9(b) displays the characteristics of source current (Is-Vg) which
was measured together with drain current simultaneously. Is is equal to l4 as we expected, but
off-state current is much lower than Iq. It is relative to our mask which is for gate-lasted
process, and in order to make sure a “total” overlap between gate and channel, the layout of
gate is extended behind each edge of the channel till 10 # m, namely gate stack and S/D are
overlap 20 « m. Hence, an unavoidable effect of gate-induced drain leakage (GIDL) will occur.
That’s why off-state current in Fig. 3-9(a) and (b) are different. Of course, the increasing body
current (Ig) was also found due to GIDL effect (not shown). Fig. 3-9(c) displays 14-Vq for
these four conditions, and a significant difference is observed in the saturation region.
Regardless of the condition for 650°C; it was found decreasing saturation current was
accompanied with decreasing activation time. The degraded trend is similar to the behavior of
l4¢-Vg. Fig. 3-10 presents the I4-Vgy and 1s-Vy individually for the four conditions above, and
I¢-Vq characteristics are shown in Fig. 3-11 as well.

It was also extracted Rsp and AL as pre-section we done and was shown in Fig. 3-12.
Additionally, the controlled sample labeled (700°C, 30s) owns a lower Rsp than the same
condition in pre-section. This is attributed to some errors in our fabrication process, especially
in coating Al process. However, this shouldn’t affect the quantitative comparison in both
sections respectively. And the result was integrated together in Fig. 3-13(a). It shows lower A
L can be achieved by decreasing activated time due to less dopant diffusion. Unfortunately, it
introduces a higher Rsp with less thermal budget. To double check the junction leakage
performances for samples activated at 700°C for 5sec to 60sec was investigated, and
illustrated in Fig. 3-14. It displays an unobvious difference in junction leakage current, and
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means all sample have similar activation level. Hence, the concentration near their space
charge region should be the same. Hence, we attributed the various Rsp to the different
concentration profiles of “bulk” S/D or the region near metal contacts for these four samples.
This may lead to different contact resistance, sheet resistance, spreading resistance, or
accumulation resistance we mentioned before.

Besides, Fig. 3-13(b) exhibits the channel resistance of these four thermal conditions by
their slopes. The sample marked (650°C, 30sec) is less gradient than others activated at 700°C
for ranging from 5sec to 30sec. It suggests the activation temperature will effect on the
interfacial quality more severely. However, another interesting thing is the slopes are almost
the same for other samples which is activated for 5sec, 15sec, and 30sec. It implies the
interfacial quality may not so sensitive to activation time, at least in the range 5 to 30sec at
700°C Fig. 3-15 shows the comparison of swing, and on-off ratio and Fig. 3-16 exhibits the
C-V (and G-V) characteristics. As far as our discussion, implantation for 30keV and annealing
at 700°C for 30sec have the most superior behaviors than other conditions, including

activation time, annealing temperature, and even implantation energy.
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3-4 Summary

We have optimized the n*-p junction formation on bulk Germanium and obtained four
process conditions which have similar electrical characteristics. The four conditions are
implantation energy of 30keV or 60keV with further activation at 700°C for 30sec or 60sec.
Hence, we utilized them to fabricate Ge nMOSFETSs. It was found that activation time seemed
to effect on the dopant concentration of source and drain for both implantation energies. This
would result in different Rsp and further total series resistance from source to drain. Because
there were almost four parts in Rsp, we used some data to estimate the main reason was Rjcc
which was dependent on concentration and the overlap between gate stack and S/D. Besides,
strong relations between AL, Vi, and DIBL are also observed. Although the sample with
implant energy of 30keV and further activated at 700°C for 30sec has the better electrical
performances, a large AL is still observed. Torimprove. this, we reduced the thermal budget
during activation. However, either reducing activation time or decreasing activation
temperature leads to a larger Rsp, even if.they own a lower A L. We also attributed this to the
redistribution of doping concentration in‘the source and drain after annealing. Finally, we
believed implantation for 30keV and annealing at 700°C for 30sec have the most superior
behaviors than other conditions, including activation time, annealing temperature, and even
implantation energy. In order to improve the high Rsp, we considered the FGA process in next

chapter.
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Fig. 3-1 Ge nMOSFETs fabrication flow chart
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Fig. 3-2 It shows the (a) I4-Vg, (b) Gn-Vg, and (c) 1¢-Vq performances under implantation
energy of 30 or 60keV with further activation at 700 ' for 30 or 60sec.
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Fig. 3-3 The Ry-Lq fitting curves for extraction of Rsp and AL. (a), (b), (c), and (d) are
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Fig. 3-10 The I4-Vg and Is-Vy characteristics of four activation conditions we chosen
These conditions are activation at 650 or 700 C for 5, 10, or 30sec.
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Fig. 3-11 The I4-V4 characteristics of four activation conditions we chosen. These conditions
are activation at 650 or 700 ' for 5, 10, or 30sec.
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Fig. 3-12 The Ry-L fitting curves for extraction of Rsp and AL. (a), (b), (c), and (d) are (700
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Fig. 3-14 The leakage current of samples activated at 700 C for 5 to 60sec at Vgr=1V.
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Fig. 3-15 The extracted sub-threshold swing (S.S.) and on-off ratio for these four conditions
which are activated at 650 or 700  for 5, 15, or 30sec. On-off ratio is also extracted from

source current.

Fig. 3-16 The C-V (and Gp,-V) performances after annealing at 700 C for 30sec.
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Chapter 4
NMOSFETSs on bulk Ge with
forming gas annealing (FGA)

4-1 Introduction

In order to better the issue of high Rsp in pre-chapter, we considered a forming gas
annealing (FGA) process. The FGA process is very popular in CMOS industry. It is usually
used to repair the dangling bonds, which exist in the interface between gate oxide and channel,
by H-bond. Hence, a higher quality interface will eliminate some trapping and scattering
mechanisms, such as coulomb-force-induced scattering, etc. Finally, it will improve the
off-state current, carrier mobility and further saturation current [26-29]. Besides, it also
utilized for the silicidation or germanide to reduce the specific contact resistance between
semiconductor and metal electrodes [30].

In this chapter, we also used the same masks to form our devices and treated samples
with FGA at last. Because FGA process was arranged just after the formation of Al electrodes,
we could expect the improvements in both interfacial density of states and S/D resistance. We
also extracted sub-threshold swing (S.S), threshold voltage (Vth), source/drain series
resistance (Rsp), and dopant in-diffusion length (A L), etc. Finally, we tried to figure out the

physical meaning between those extracted parameters and conditions as possible as we could.

-70 -



4-2 Experimental Procedures

In our nNMOSFETs study, p-type (Gallium (Ga), concentration ~ 2 x 10" /cm®) Ge
substrates were prepared. After broking a new wafer into adequate size, we cleaned them in
diluted HF solution (HF:H,O = 1:100) and deionized (D.l.) water alternately with several
cycles. Then we treated them by a HF dip and N, drying in order to form an H-bond
passivation layer on Ge surface. Furthermore, we deposited SiO, as field oxide and hard mask
for following implantation by using a Plasma Enhanced Chemical Vapor Deposition (PECVD)
system. Then we defined the implantation region for n-type dopant — Phosphorous (P) — by
Mask 1 and etched SiO, by Buffer Oxide Etchant (BOE). Next, P was implanted into these
samples with dose 1 x 10™ /cm? at 30keV, Subsequently, samples were deposited 500 A-thick
SiO; by PECVD system and treated by a rapid thermal annealing (RTA) system in N, ambient
at 650°C for 30sec or at 700°C for ranging from 5sec to 30sec. Then we used Mask 2 to
define the active region and etched SiO till Ge surface was exposed by BOE. After remove
the photoresist (P/R), we treated these samples by a HF dip (HF:H,O = 1:30) for a few
seconds to avoid the native oxide formation as possible as we could. Then we put these
samples into the atomic-layer-deposition system (ALD) in Instrument Technology Research
Center (ITRC) as fast as we could and deposited Al,O3 thin film. In ALD system, Al,O3 was
achieved by pulsing alternative Tri-methyl- aluminum (TMA, or AI(CHs)3) and H,O as the
metal and oxidant precursors, respectively, into the reactor for 1sec every precursor at a
constant pressure about 10 torr; an N, purge for 10sec was also treated after each precursor
reacting for 1sec in order to remove residual precursors. The main recipe of ALD thin film as
gate dielectric was reaction for 100 cycles at 170°C and it would have a thickness about 110A.
After the deposition of Al,O3, we continually etched the contact hole by Mask 3, and

deposited Al by thermal coater as soon as possible. Then samples were defined the Al pattern
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as electrodes by Mask 4. Finally, we used forming gas annealing (FGA) for sintering in N,
ambient with 5% H, at 300°C and 400°C for 30min and 20 min, respectively. The overall
fabrication processes of MOSFET were illustrated in Fig. 4-1 with a brief way. At last, we
measured the characteristics of current-voltage (1-V) and capacitor-voltage (C-V) by HP 4156

system and HP4284, respectively.
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4-3 Results and Discussion

4-3-1 Electrical characteristics of the Ge nMOSFETs after forming gas
annealing (FGA)

In chapter 3, we have fabricated nMOSFETs and investigated the effect of some
activation parameters on electrical performances. Although the conditions of implantation
energy of 30keV and annealing at 700°C for 30sec contribute a better result relatively, the
excess S/D resistance is still a drawback. To improve this, we took forming gas annealing
(FGA) into account. Fig. 4-2 shows the I4-Vy performances of the samples with or without
FGA processes at 300°C for 30min. Obviously currents in the linear region is improved about
one order for all samples, and transconductance (Gn) also becomes larger by a factor of tens
(not shown). It also displays the electrical performances of 14-Vq in Fig. 4-3. We could find all
samples presented much improvement on saturation current about a factor of six, and currents
in the linear region became more “linear” than samples without FGA as our expectation.
Above improvement could be attributed to the achievement of a lower resistance in the
current path from source to drain. However, the significant and obvious degradation on
off-state current which is due to junction leakage current could be seen in Fig. 4-2 as well. In
addition, the samples which are activated at 650°C and 700°C for 30sec and 5sec,
respectively, present more obvious junction leakage than others due to an increasing drain
current even under Vg = Vi, in Fig. 4-3. The degradation of leakage current is very interesting
because it is found the same FGA process on Ge pMOSFETSs in our other study can much
improve the electrical characteristics, such as leakage current and swing.

Fig. 4-4 shows the work of extracting Rsp and AL as we done before. The results are
displayed in Fig. 4-5(a~ b). The extracted values of Rsp are much lower than fresh samples
about a factor of four. We have mentioned there are four parts in Rsp, and some ideas are

taken into account as following. First, FGA processes may let the interface between Ge and Al

-73-



has alloy-like phase and further reduce R.. Second, the FGA processes should lead to P
redistribution, and it will effect on Rac , Rsh, Or Rsp. However, the exact reason should be
further verified.

Besides, the values of degraded sub-threshold swing (S.S.) and on-off current ratio
compared with the samples without FGA are also shown in Fig. 4-5(b~ c). Although the
sample activated at 700°C for 30sec with FGA at 300°C for 30min still has better
performance, it also degrades on-off ratio about one order and swing about 200mV/decade. In
addition, we also investigated FGA at a higher temperature — 400°C for 20min, and the result
was illustrated in Fig. 4-6. It indicates a more serious degradation on junction leakage current
can be observed than the case at 300°C for 30min. To double check the junction
performances, we used the masks of NMOSFETSs process to fabricate the diode which was
implanted with 1 x 15 cm™ for 30keV.anhd activated at 700°C for various time ranging from
5sec to 60sec. Some samples are treated FGA for 300°C and 400°C. The sample activated for
30sec was chosen to present the 1-\V/ performance. and plotted in Fig. 4-7(a). After FGA, the
forward characteristic is improved; however, it also shows the degradation on leakage current.
Especially for FGA at 400°C, it is obviously that the junction is “destroyed” from the
symmetrically electrical performance. The leakage currents at 1volt for various activation
times are shown in Fig. 4-7(b). It indicates reverse current increases with an increasing

temperature during FGA again no matter which activation time is.
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4-3-2 The interface quality and reliability of gate dielectric Al,O,

Forming gas annealing not only reduces the contact resistance, but also recovers the
interfacial density of states (Dj;) in the channel region. The Dj; will charge or discharge and
further degrades the mobility by scattering. Fig. 4-8(a) and (b) reveal the capacitance-voltage
(C-V) characteristics of the sample labeled (30keV, 700°C, 30sec) with and without FGA at
300°C, respectively. It shows the electrical behavior of C-V has more frequency disturbance
and less gradient slope at the flat band voltage before FGA. Besides, we used the single
frequency method to estimate the Dy about 4.67 x10%cm2eV™! and 1.98x10%cm?eV™ at
1MHz for without and with FGA, respectively. On the other hand, Fig. 4-8(c) indicates that
each sample with FGA will lead to an obviously lower slope, namely a lower channel
resistance. This can consist with Dj;, because a lower Dj; will lead to less carrier scattering.
Accordingly, less scattering will improve thermobility. Fig. 4-8(d) presents the best mobility
of our work (with FGA at 300°C for 30min) compared with some recent publications, and it
leaves much to be desired.

We have known the fact that FGA can improve Dj, but it also degrades the junction as
well. Considering the nMOSFETSs fabrication we followed, it’s a gate-last process which will
damage the interface of Ge before depositing Al,O3 due to the step which is etching the
dummy gate (Fig. 4-1(e)). Maybe a gate-first process with a following FGA for optimizing the
gate stack, and utilizing the laser annealing method to activate dopant in S/D without damage
gate stack will improve the electrical characteristics above [24].

Finally, Fig. 4-9 and Fig. 4-10 show the electrical degradation after positive gate bias
stress (or say PBTI) for samples without and with FGA, respectively. And the extractions of
degradation parameters, which are Iy degradation, /\V, and swing, are shown in Fig. 4-11.
It exhibits though FGA will improve the interface but also degrade the high-K film. The exact

cause should be further investigated.
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4-4  Summary

In this chapter, the source/drain resistance could be much improved after forming gas
annealing at 300°C for 30min. Although we still had no direct evidence, we attributed this to
the formation of alloy-like phase between Ge and Al or the redistribution of P dopant
concentration after the thermal budget of FGA. Furthermore, the channel resistance could be
reduced much as well. This part consisted with the values of D;; we extracted before and after
FGA. We believed that FGA repaired the interface density of states, and it would lead to a
lower resistance due to less scattering which is dependent on Dj;. However, much degradation
was observed on junction leakage current after FGA. The exact reason should be verified
further. Besides, an interesting thing was also found that a worse reliability by PBTI
measurement could be seen after FGA, though it owned a better interface between channel
and gate dielectric Al,Os. This part is also necessary to verify. Finally, the extracted mobility

was compared with some recent publications.
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Fig. 4-1 Ge nMOSFETSs fabrication with forming gas annealing at last flow chart
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Fig. 4-2 The 13-V, curves of samples with and w/o FGA at 300 C for 30min. (a), (b), (c), and
(d) are (700 C, 30sec), (700 C, 15sec), (700 , 5sec), and (650 C, 30sec), respectively. The
label (# C, #sec) stands for the activation temperature and time.
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Fig. 4-3 The 1g-V4 curves of samples with and w/o FGA at 300 C for 30min. (a), (b), (c), and
(d) are (700 C, 30sec), (700 C, 15sec), (700 , 5sec), and (650 C, 30sec), respectively. The
label (# C, #sec) stands for the activation temperature and time.
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Fig. 4-4 The Ry-Lyq fitting curves for extraction of Rsp and AL. (a), (b), (c), and (d) are (700
C, 30sec), (700 C, 15sec), (700 , 5sec), and (650 ¢, 30sec), respectively. The label (# T,
#sec) stands for the activation temperature and time.
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Fig. 4-5 (a) shows the extracted Rsp from Fig. 4-4. (b) and (c) reveal extracted on-off ratio
and swing, respectively. They are compared with samples without FGA. The label (# T, #sec)

stands for the activation temperature and time.
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Fig. 4-6 (a) and (b) are for samples activated at 700 C for 30sec and 15sec, respectively.
They show the 14-V characteristics with no FGA, FGA at 300 ', and 400 C.
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Fig. 4-7 (a) The 1-V characteristics of n*-p junction which activated at 700  for 30sec with
no FGA, FGA 300 C, or FGA 400 C. (b) The reverse current at 1volt for some activation time
ranging from 5sec to 60sec with no FGA, FGA 300 C, or FGA 400 .
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Fig. 4-8 (a) and (b) are the C-V (and G-V) characteristics of samples, whose structure is
Al/Al,Os/p-type Ge, w/o and with FGA at 300 C, respectively. The solid and hollow patterns
are for C and G, respectively. (c) It is plotted the fitting lines for Vg-Vin=5V for samples with
and w/o FGA. (d) The extracted mobility compares with some publications.
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Fig. 4-9 (a)(b) and (c)(d) show the 14-Vq4 and 14-Vy characteristics before and after PBTI at

Vsiress=3V and 3.2V for 1000sec, respectively. The sample is chosen the one which is activated
at 700 ¢ for 30sec without further FGA.
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at 700 T for 30sec with further FGA at 300 C for 30min.
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Fig. 4-11 It shows the degraded performances of (a) l4, (b) AV, and (c) swing by PBTI
measurement. Vsiress = 3V and 3.2V.
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Chapter 5

Conclusions and Suggestions for Future Work

5-1 Conclusions

We had succeeded in optimizing the annealing conditions for the formation of n*-p
junctions on bulk Germanium. A reverse current about 2x107*A/cm?®very close to our
estimated ideal value about 1x10~*A/cm?could be achieved. Moreover, the most important
thing in our diode studies was the analysis of paths of the leakage current. We could find that
no matter if capping SiO, before activation, the total leakage current was dominated by the
“perimeter” component for activation at 500 and 600°C . With an increasing temperature more
than 600°C, it shown the area leakage current became more dominant than perimeter
component till 700°C. It meant the elimination of perimeter defects which led to a large value
of Jp was the target of activation. Unfortunately, Jp was also inversely proportional to the
square root of the area of implantation region. Hence, how to remove those perimeter defects
should be the first aim. During our n*-p junction studies, we also found a smaller contact
resistance between Al and Ge would be obtained if a SiO, thin film was deposited before
activation. In addition, samples with capping SiO, would get a decreasing contact resistance
with an increasing activation temperature from 600 to 700°C. This behavior was opposite to
samples without capping layer. The phenomenon could be attributed to their different surface
concentrations which led to various energy barrier heights. Finally, a ratio of forward to
reverse current about 5 x 10* at +1 volt could be achieved.

In chapter 3, by utilizing the results of optimization of the activation processes, we

subsequently fabricated Ge nMOSFETs with Al,O3 as our high-k gate dielectric and further
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investigated their electrical performances. Not only 13-V, 1¢-V4, and C-V performances, but
also some electrical parameters, such as source-drain resistance, dopant in-diffusion length,
and sub-threshold swing, were extracted to realize the device characteristics. Although we
could achieve on-off ratios about 10° and 10* for drain and source currents, respectively, a
severe source-drain resistance was also observed.

In chapter 4, we considered the forming gas annealing (FGA) process to improve the
drawback. Some parameters were also extracted to compare together before and after FGA. It
actually demonstrated not only source-drain resistance but also channel resistance could be
much improved. Unfortunately, the junction leakage current became out of control and much
degraded the electrical performances on our Ge nMOSFETs. The exact cause should be

investigated by some further physical analysis.
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5-2 Suggestions for Future Work

In our diode studies, we demonstrated that the perimeter defects could be activated better
with a higher annealing temperature. In other words, it seemed that there would be less
interfacial density of states between Ge and field oxide SiO, as our activation temperature
was higher. However, this part was only investigated from electrical analysis. It might be
consisted with further physical studies such as TEM. Besides, we could also study the 1-V
characteristics of our n*-p junctions under different operation temperatures.

In our Ge nMOSFETs studies, the most interesting thing was the degradation of S/D
junctions. An initially physical analysis was shown in Fig. 5-1 and Fig. 5-2 which shown the
top view and cross section by scanning electron microscope (SEM), respectively. Fig. 5-1(a)
and Fig. 5-1(b) were the top view of our nMOSFET before and after FGA, respectively. An
obviously difference was that the metal Al for S/D contacts had severe roughness after FGA.
However, the metal Al for the gate was still smooth. Hence, it suggested that the roughness
was not due to Al itself such as its low. melting point. Considering Fig. 5-1(b), it also
exhibited the cross section of our device. We attended to three locations which were labeled
D, @,and Q. O was the interface between Al and Ge; @, and @ were the Al/Al,O3/Ge
structure located at S/D and gate, respectively. By comparing the three locations, it seemed
that the roughness was related to the direct contact of Al and n-type Ge. Then, two possible
causes could be considered. One was Ge or P might out-diffuse, and another was Al might
interact with Ge or P during FGA. Besides, comparing @ with @Q), it also hinted Al,O3; was
like a “barrier”. Hence, only S/D pads were roughness. In addition, we also tried to observe
both the cross section of @O and @ before and after FGA in Fig. 5-2. However, Fig. 5-2
presented all interfaces of Ge were no obvious roughness compared with the top view of Al

pads shown in Fig. 5-1. The exact cause should be further investigated.
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Al/ALO,/Ge

(b)

Fig. 5-1 (a) and (b) show the top view of our nMOSFET before and after FGA, respectively.
Moreover, Fig. 5-1(b) also exhibits a brief picture for our device cross section corresponding
to the real top view.
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location labeled @ in Fig.5-1(b).
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