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Differential Capacitance Measurements of
Relaxation-Induced Defects in InGaAs/GaAs
Schottky Diodes
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Abstract—The use of a differential capacitance technique for Il. THEORY
characterizing the relaxation-induced defect states in Schottky . . L
diodes has been studied. Based on a proposed equivalent circuit®- Band Diagram and Equivalent Circuit
:ncluding _theleffect of potefntial drop acrossé_k;fe carrier-ldepletiond We have previously observed a dominating trap at 0.33—0.49
ayer, a simple equation of capacitance at different voltages and .\, i relaxed I3 ,Ga sAS/GaAs quantum-well Schottky

frequencies is derived and compared with experimental data ob- . L
tained from relaxed Ino.» Gao s As/GaAs samples. It is shown that diodes by DLTS measurement [11]. A similar trap at 0.395 eV

the carrier-depletion layer will introduce capacitance dispersion Wwas also observed by Uchiga al. [9]. This trap is believed to
over frequency like traps; from it the device’s geometric parame- give rise to a carrier-depletion layer around the relaxed InGaAs
ters, the resistance of the carrier-depletion layer and the ionization layer. Based on this information, a proposed band diagram con-

energy of the deep level that gives rise to this resistance can be_._.. : : . ;
obtained. The relation between the low-frequency capacitance and sisting of a Schattky depletion region and a carrier-depletion

reverse voltage can be well explained by the depletion of the free 1aYer is shown in Fig. 1(a); from it we will derive an equation
carriers between the Schottky depletion and the carrier-depletion Of differential capacitance as a function of reverse voltage and

layer. The relaxation-induced traps are believed to be at 0.535 and frequency. Note that under small reverse voltages, there exists

0.36 eV, respectively, in the GaAs and Ig.; Gao s As regions. a relatively carrier concentrated region between the Schottky
Index Terms—Capacitance spectroscopy, deep traps, In- depletion and carrier-depletion layer. An incremental reverse
GaAs/GaAs, Schottky diodes. potential 5V will deplete the free carriers (represented by

6()1) at the left edge of the carrier-depletion layer and the free
carriers (represented I#¥J-) in the concentrated region. From
Gauss' law, the total incremental potential is given by the sum
ATTICE relaxation [1], [2] in InGaAs/GaAs material of the incremental potentials acrabs and L., as follows:
system has been found to generate misfit dislocations
[3]-[8] and give rise to carrier depletion [9], [10]. This carrier sy — sV, 4+ 6V, = <@) L+ <M) Lo.
depletion is so drastic that it extends beyond the relaxed InGaAs € €
layer to GaAs regions and generates a carrier-depletion regigp substitutinggQ; = e6V; /L, into the above equation, the

[10]. In order to characterize the relaxation-induced defeci{$yig of the potential drop acrods to the total potential drop
a GaAs Schottky diode with a relaxed InGaAs layer is oftef, e written by

used. However, using deep-level transient spectroscopy (DLTS)

. INTRODUCTION

to analyze the defect traps in such a structure is complicated, % _ Ly ) 1)
since it can not be treated as a simple Schottky diode with traps. oV (Ly + Lo) + Q2 Ly Ly
Instead, the whole structure is similar to a Schottky depletion Vi e

region and a carrier-depletion region connected in series [13hs equation expresses the potential distribution across the de-

Since admittance spectroscopy is suitable for deriving devicgge in terms of the terniQ /§V; that accounts for the detailed
equivalent circuits, it can be used to characterize a device W§hng structure under different reverse voltages.

certain structures. Therefore, in this paper, we present a simple
formulation and show how to use capacitance spectroscdpy C—F Spectra
to extract the device’s parameters and characterize the relax-rhe ac properties of the device with the band diagram in

ation-induced traps in i, Ga sAs/GaAs system. Fig. 1(a) can be represented by the equivalent circuitin Fig. 1(b).
The carrier-depletion layer is assumed represented by a parallel
combination of a resistanc® and geometric capacitance (per
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RC S°h°“kycl>ma°t where 6() is a unit impulse function and is defined as
6(t) = du(t)/dt. The frequency-dependent capacitadte.)
andG(w) can be determined from the Fourier transforna(of:

1 o
Clw) = % /0 i(t) cos(wt) dt
_o Cs sV 1 4 C1Cy
C1+Cs &V ) 1+ WQT?zC C1+Cs
2
and

G(w) 6V / ) sin(wt) dt

Cs oW1

2 C e T

V() _ W TRO2 <01 T 0, 5v>
Vv, 8V, R 1+ w?rie
I Note that the frequency behavior in these equations is similar to

that in conventional Schottky diodes with traps [12]. Therefore,
the effect of the free carriers in the concentrated region to tra-
® verse through the carrier-depletion layer is to produce a step-like
capacitance drop over frequency.
Fig. 1. (a) Proposed band diagram consisting of a Schottky depletion regionEquation (2) shows that the capacitance drops from the low-

and a carrier-depletion layer caused by the lattice-relaxation induced trapy _ _
about 0.36 eV. (b) Corresponding ac equivalent circuit model |nc|ud|ng %quency capacnance ol = 02(1 6V1/6V) to the hlgh

steady-state voltagk; across the carrier-depletion layerat 0 due to an frequency capacitance 6f;Cy /(C1 + Cz). The inflexion fre-
applied reverse voltagg . quency at which the capacitance drops is givenuy =

1/R(C1 + Cs). At high frequencies wherg/w <« R(C1 +C3),
the carrier-depletion layer @t < 0 due to an applied reverseno free carriers can follow the frequency to traverse through the
voltageV'. The energy level at the edge of the high-resistantégh-resistance layer, thég), = 0 so that the high-resistance
layer is taken as zero reference potential. It is clear that the dityer behaves as a perfect insulator and the device acts as the se-
cuit gives rise to a time constankc = R(C; + Cs) for the ries sum ofC; andCsy. The high-frequency capacitance allows
free carriers in the concentrated region to traverse through theto determingd.; + L, and the inflexion frequency allows us
carrier-depletion layer. After applying an infinite small voltagéo find the temperature depender@€l") and the ionization en-
§Vu(t) att = 0 [wherew(t) is a unit step function and is de-ergy of the deep level that gives rise to this resistance. On sub-
fined asu(t < 0) = 0 andu(t > 0) = 1], the voltage drop stituting the previously derivedV; /6V from (1), the low-fre-
across the carrier-depletion layer can be written in the foritiency capacitance becomes
Vi(t) = Vi+[A exp(—t/7rc )+ Blu(t), where constantd and

B are to be solved from the initial and final conditions. From the 14+ 0Q2 Ly

partition of capacitor voltage, the initial condition fbf (¢) is Cr=c¢ oV, e . (3)
Vi(t = 0) = V1 +C5/(C1 + C5) V. The final condition is de- L+ Lo+ @ LiLy

termined by assuming an additional infinite small steady-state Vi e

voltage of6V; across the carrier-depletion layertat oo, that

is, V1(t = o0) = V1 4 6V1. By substituting these two condi- ¢ viariation ofC;, versus Reverse Voltage

tions, Vi (¢) is given b . .
iDisg y 1) Under Small Reverse Voltagédote that (3) is a function

of ()2 /6V1 which depends on reverse voltages. Under small re-

Vi) =Vi+ |:<Cl Cs oV - 6V1) verse voltages such that the band structure on both sides of the
carrier-depletion layer still remains symmetric, the concentra-
-exp(—t/Trc) + 5‘/1} u(t). tion in the concentrated region is close to the background con-

centrationn(6 x 10¢ cm=3). Under this condition, most of the
From the voltage acrog$, which is simply given by, (¢) = applied potential will drop only across the Schottky depletion
V + 6§Vu(t) — Vi(t), the current flowing through the deviceregion ¢V; = 0) and deplete the carriers in the concentrated re-

becomes gion approximately by reducing its widththat is6 Q2 = gn 6,
. thus, we obtaif(}2/6V; — oo and the low-frequency capac-
i(t) = CadVa(t)/dt itance reduces to the Schottky depletion capacitance, that is,

O Co Cr(V — 0) = ¢/Ly = C. Therefore, under small reverse
TRC KOl +Cs oV - 6V1> eXp(_t/TRC)} ult) voltages(’;, decreases with increasing reverse voltages in a way
C1Cs similar to that in a simple Schottky diode. This low-frequency

+ C, + Cy 8V 6(t) capacitance allows us to obtain the Schottky depletion width,

TRC
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the barrier height, and the carrier concentration in the concen- 1018
trated region by differentiating/C?% with reverse voltage.

2) Under Intermediate Reverse Voltag&lpon increasing
the reverse voltage, some of the applied potential will
drop across the carrier-depletion layer, which can drasti-
cally deplete the carriers in the concentrated region. Let
us approximate the carriers in the concentrated region as
Qs ~ qnl = gNce~(Ec—Er)/XT| here N is the effective
density of states in the conduction band. Assuming that the 101607 6 05 04 03 B2 o
variation of ), is dominated by the variation k- — Ep T ;il(um-)' e
from the voltage drop across the carrier-depletion layer, that is,

1017

Concentration (cm'3)

§Vi = (1/q) 8(Ec — Er), we obtainéQ2/6Vy = —qQs/kT 2.5 L4 55 ®)
which givesQ, « e 9"1/KT after integration. This equa- Y TSNS
tion describes that(),/6V; exponentially decreases with AZ'O 00k
increasing the voltage drop across the carrier-depletion layer. c) 15 b asg 105
Consequently;, will show a drastic variation with increasing O 40K
reverse voltage. L0 | 5508

3) Under Large Reverse VoltagdJnder large reverse volt- g;)sli_w
ages, almost all); are depleted and the concentrated region no 0.5
longer exists, thusiQ2/6V1 — 0. From (3), the low-frequency 10 10° 104 10° 106
capacitance approaches the high-frequency capacitance, that is, F (Hz)

Cp(V — o0) = /(L1 + Lo).
Fig. 2. (a) Apparent carrier concentration converted @AY data shown in
the inset for samples with 100, 200 and 1000 A-thick InGaAs layers. Carrier
lll. EXPERIMENTAL depletion can be seen in the 1000 A sample. (b) ThE spectra measured at
.. V = —1 V for the 1000 A sample. For comparison, curves in the inset are the
A. Sample Fabrication C—F spectra for the 100 and 200 A samples.
The sample structure is a Q.fn-thick n-type GaAs Schottky
diode inserted in the middle with angaGay sAs layer of 100, observed in the 1000 A sample. We intend to show that it is
200 and 1000 A, respectively. The samples were growrton n produced by the effect of carrier@, traversing through the
GaAs (001) substrates by Varian Gen |l molecular beam epitaxyrrier-depletion layer as expressed in (2).
Allthe GaAs and InGaAs layers were doped with Si ata nominal
concentration 06 x 10 cm~3. This concentration allows us C. Variation ofC;, andCy versus Reverse Voltage

to penetrate the Schottky depletion edge to the InGaAs layer bW:ig. 3(a) and (b) shows the detailed temperature-dependent
applying reverse voltages. Details of growth were reported Pi§igh-frequency capacitance drop measured at —0.5 V and
vious_ly [10]. Sphottky contacts were fabricated k_)y evaporatings s respectively, for the 1000 A sample. For comparison
Au with dot diameter of 150gm. An HP4194 gain-phase an-yi the theory, we denote the capacitance measuredlé?

alyzer was used to measure the capacitance—freque€Rd) ( 1, a5 the low-frequency capacitan€g, and the capacitance
spectra. The small signal oscillation level was maintained at 1Q{L5sured at.10¢ Hz as the high-frequency capacitar€g.
mV. Their values (afl” = 300K) are plotted as a function of reverse
voltages in Fig. 4. It can be seen tligy slightly decreases with
increasing reverse voltages, which is consistent with the previ-
Fig. 2(a) shows the apparent carrier concentration convertusly discussed formul&iy = C1Cy/(CL + Co) = /(L1 +
from capacitance—voltageC£V) data (shown in the inset) Ly). FromCy = 400 pF (at~0 V), we obtainL; + L, = 0.51
for all three samples. A carrier confinement was found in them, and fromCy = 300 pF (atV = —8 V), we obtain
quantum-well region in the samples with 100 and 200 A-thick; +L. = 0.68 zm which is close to the total epitaxial thickness
InGaAs. On the other hand, carrier depletion was seen in t#&0.7 xm. As for the low-frequency capacitanc&;, decreases
sample with 1000 A-thick InGaAs. The carrier depletion is smitially like a simple Schottky diode from 1600 pF (dt= 0 V)
drastic that it extends beyond the well region into the GaAs about 600 pF, beyond that, it displays a significant variation
layers and is believed to be caused by lattice relaxation sirm@responding to the onset of drastic depletion of the carriers
1000 A is much larger than the reported critical thickness 6J,. When carriers), are completely depleted;;, approaches
between 200 and 300 A determined from x-ray diffraction [10fhe high-frequency capacitance of about 400 pF. This shows that
This lattice relaxation gives rise to step-like capacitance drofise behavior of”;, versus reverse voltage is consistent with the
over frequency as can be seen in the capacitance-frequeth®ory. The fact that a Schottky barrier height of 0.8 eV obtained
(C-F) spectra at = —1 V in Fig. 2(b). For comparison, from the intercept oft /C? with voltage axis, as shown in the
curves in the inset are the—F spectra for the samples withinset of Fig. 4, also confirms th&i;, is approximately equal to
100 and 200 A-thick InGaAs, which show no detectabl€, for small voltages. From its 0 V value, we obtdig = 0.13
capacitance drop. For the time being, let us concentrate m. In conjunction withL; + L, = 0.51 pm (atV = ~0V),
the high-frequency capacitance drop fromi.2 to ~0.4 nF we obtairl,; = 0.38 um, which is much larger than the InGaAs

B. Experimental C—F Spectra
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Fig. 5. Resistance versus 1000/T obtained by the high-frequency inflexion
frequency from the sample with 1000 A-thick InGaAs. The activation energy
_ 06 was found to increase from 0.36 eV to 0.54 eV frbim= —0.5 to —2.5 V.
c}
o . . )
0.4 Fig. 4. This result also confirms that the tedf),/6V; de-
creases sharply with increasing the reverse voltage.
Bias=-2.5V . . . .
0.2 (b) As to obtainCs, as previously mentioned;; is equal toCy,
102 103 10 105 108 under small reverse voltages. At small voltag€s, is simply

the Schottky depletion capacitance that is determined by the car-
rier concentration in the concentrated layer. However, the con-
Fig. 3. Temperature-dependent capacitance dispersion measured/(ax at centrated layer contains a large amount of traps as is reflected

—0.5 Vand (b)—2.5 V, respectively, for the sample with 1000 A-thick InGaAs.Dy the carrier depletion in Fig. 2(a). Due to the trap capture,
the free carrier concentration was found to reduce significantly

when the measurement temperature is lowered. Fig. 3 shows the
decrease of';, with lowering temperature for tHe—F spectra at

V = —2.5V. Incontrast(y, is almost temperature-independent
atV = —0.5 V. This result can be explained by the presence of a
higher concentration of traps in the region close to the InGaAs
layer. This decrease a@f;, would result in an overestimation

of the emission time from the inflexion frequency, leading to
an erroneous estimation of the activation energy. This effect is
shown in Fig. 5 for the obtainef! versus 1000/T for several re-
verse voltages. As can be seen, fhéncreases monotonously
with increasing reverse voltages at low temperature whildthe
Fig. 4. Low- and high-frequency capacitanGe andCy (at7 = 300K) Feémains almost a constant at high temperature. This effect leads
as a function of reverse voltages for the sample with 1000 A-thick InGaAs. #® an increase of activation energy from 0.36 to 0.54 eV as re-
Schottky barrier height of-0.8 eV was obtained from the intercept ofC;  yerse voltage increases from 0.5 to 2.5 V. Therefore, we should
with voltage axis as shown in the inset. take 0.36 eV for the activation energy Bf AssumeR is lim-

. . . . . . ited by the conduction from the thermal excitation of electrons
thickness of 0.J.m, implying the carrier depletion extends intq, ie°conduction band, this result suggests that Fermi energy is
the GaAs regions. Assuming equal depletion on both sides, We,e at 0.36 eV below the minimum of the conduction band
obtain a thickness oAl = 0.3 — (0.13 +0.14) = 0.03 umfor i, the |nGaAs layer. Assuming a single accepter trap is respon-
the concentrated region at 0 V. ) ) _sible for the carrier depletion which produces tRethis trap

The (2) illustrates that the capacitance drops at the inflexi@fl;,,1d be at about 0.36 eV in the InGaAs layer.
frequency given by, = 1/R(C1+Ch). Byfitting thisequa- — ag previously shown, the carrier depletion extends to the
tion to the experimental C—F spectra, thecan be obtained if 5,ag region, meaning that the trap is not confined in the
C1 andC; are first determined. From the experimer@a} and |,Gaas layer but extends to the concentrated region. As pre-

F (Hz)

V (V)

Cr, one can obtait’; from viously discussed, under small voltages, the applied potential
CyCL £ drop is almost across the Schottky depletion region and the
G = CL—Cy  [6Q2\ L2~ ) carrier-depletion region has almost no effect on capacitance.

W) = Therefore, we selected a small voltage sweep from 806G

V for DLTS measurement to probe the GaAs layer in the
This equation shows that; is equal toCyCr./(Cr, — Cg) concentrated region. The DLTS spectra were taken with a fill
only for small voltagesd@./6V: — oc). For large voltages, time of 5 s and the result is shown in Fig. 6. As can be seen, a
due to a strong decreasedf):/éV1, CyCr/(Cr, — Cy) will  dominating signal at about 270 to 300 K was observed in the
accordingly increase sharply with reverse voltage, as shownlif00 A sample. As shown in Fig. 6, no similar DLTS signal was
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layer for the 1000 A sample. As shown in Fig. 7, an energy
0 o M 100A difference of 0.26 eV between the GaAs ang 4Ga sAsS
200A peaks at 300 K was obtained for the 1000 A sample. Taking a
2 -1 1o ratio of 7: 3 between the conduction- and valence-band offset
o g / PLrs 10004 [13], a conduction-band offset about 0.18 eV was obtained.
< -2 %{32 / This may explain a difference of 0.175 eV for the activation
3 “1351 - C}'F — Time window: 0.59 5 energies obtained in the InGaAs and GaAs layers.
1000/T (k-1 297s
100 150 200 250 300 350 400

IV. CONCLUSIONS
T(X) o o

The characterizations of relaxation-induced traps for
Fig.6. DLTS spectra measured for the samples with 100, 20, and 1000 A-thléky.2Gay.sAs/GaAs Schottky diodes using capacitance spec-
InGaAs layers. The fill time was set for 5 s. Izata were taken after sweepingrscopy technique were investigated. A simple procedure for
voltage from 0 to—4 V for the 100 and 200 A samples and from 0-d.5 - . . . .
V for the 1000 A sample. The time window was 0.59 s for the 100 and 200 qenvmg aC-V-Fequation is descrlbed_‘ It is ?hown that at
samples. The obtained emission times for the 1000 A sample are consistent @ Voltages, the low-frequency capacitance is equal to the
those obtained from the low-frequency inflexion frequencies irGhEspectra - Schottky depletion capacitance; at high voltages, it approaches
as shown in the Arrhenius plotin the inset. the high-frequency capacitance. The experimental data were
shown to be compatible with the theory, allowing us to obtain
the device’'s parameters. The activation energy of 0.36 eV
was determined for the resistance of the relaxation-induced
depletion layer, implying the presence of a trap at about 0.36
eV in the InGaAs layer. A dominating trap at 0.53 eV was
detected in the GaAs region by DLTS. This energy difference
could be explained by the conduction-band offset between
GaAs and 19 2Gay sAs.

200A 41004 T=300K

GaAs

10 12 14
Tny ;Ga, 4AS(1000A)

|

PL intensity (arb. units.)

1.0 1.1 1.2 1.3

Energy (eV)

1.4 1.5
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