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Carrier depletion by defects levels in relaxed In  ,Gag gAs/GaAs
guantum-well Schottky diodes

J. F. Chen, P. Y. Wang, J. S. Wang, C. Y. Tsai, and N. C. Chen
Department of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan, Republic of China

(Received 19 July 1999; accepted for publication 18 October)1999

An increase in leakage current accompanied by a drastic carrier depletion is found for InGaAs/GaAs
Schottky diodes when the InGaAs thickness is larger than its critical thickness. Due to drastic carrier
depletion, free-carrier concentration around the InGaAs region for relaxed samples cannot be
obtained from capacitance—voltage data but from resistance—capacitance time constant effect
observed in capacitance—frequency measurement. A trap at 0.33 to 0.49 eV is observed for relaxed
samples by deep-level transient spectroscopy. The resistance caused by carrier depletion has an
activation energy close to that of the trap, supporting that the carrier depletion is caused by capture
from the trap. ©2000 American Institute of Physids$$0021-89780)00603-4

I. INTRODUCTION observed in x-ray004) diffraction’ Schottky diodes were

_ . fabricated b ting Al I ith a dot di t
The InGaAs/GaAs material system has many |mportan§; {ggoim y evaporating Al on samples with & dot diameter

applications for electronic and optoelectronic devices. How-
ever, due to lattice mismatch between InGaAs and GaAs,

there exists a critical thickne'sé of InGaAs, beyond which, 1ll. MEASUREMENT AND RESULTS

strain reIaxe; and generates misfit dislocations, resultin_g in Current—voltage characteristics

the degradation of device performance. Therefore, there is an

obvious interest in investigating the defect states associated Figure 1 shows typical rectified forward current—voltage
with strain relaxation. Different techniques such as the HalPlot (I-V) characteristics at 300 K for all samples. Detail
effect>® photoluminescence® deep-level transient spectros- €xamination revealed that the saturation curi@&nwas re-
copy (DLTS),9_13 and cross-sectional transmission e|ectron|ated to the InGaAs thickness. The saturation Curﬂgm/as
microscopy(TEM)**~*® have been applied to study this ma- determined by extrapolating each curve to the current at zero
terial system. However, there still remains ambiguities abou¥olt. As shown,J, is about 3<10~° A for 100 and 200 A

the nature of trapselectron or hole trapsand the exact cases and increases to fOA for 300 A, to 2x107° A for
location of the traps. Moreover, the correlation between car400 A and then to %410~ ° A for 1000 A. Leakage current is
rier depletion and defect levels has not been studied in detaiknown to be contributed by defect states related to misfit
Significant carrier depletion has been found when relaxatiofflislocations, this result seems to indicate that the 100 and
occurs, which will complicate the capacitance measuremen200 A samples are not yet relaxed while 300, 400 and 1000
In this article, we will show the effects of carrier depletion A samples are relaxed and their degree of relaxation in-

on the Capacitance_v0|tage measurement and DLTS. The&&eases with InGaAs thickness. Therefore, the InGaAs criti-
two methods are usua"y used to obtain the free-carrier anaal thickness should be between 200 and 300 A This critical

trap concentrations. Also, we will show how to derive the thickness is consistent with our previous results from double-

properties of carrier depletion by capacitance—frequencgrystal x-ray diffractiori.’ It should be noted that the 1000 A
(C—F) measurement. sample has a relatively large series resistance, as can be seen

Il. EXPERIMENT

Five Iny ;Ga, gAs/GaAs quantum well structures with In-
GaAs thickness of 100, 200, 300, 400 and 1000 A were
grown onn"-GaAs(001) substrates by Varian Gen Il mo-
lecular beam epitaxy. The InGaAs quantum well wasgn3
from the surface to allow the depletion edge to sweep across
it by applying voltage. Both the InGaAs region and the total
0.6-um-thick GaAs epilayer were all Si-doped with a con-
centration of 6<10*°cm™3. The whole structure was grown
at 550 °C. The thickness and composition of InGaAs were
determined by oscillation of reflection high energy electron
diffraction. For the cases of 100 and 200 A, the INGaASE|G. 1. The forwardi—V characteristics at 300 K for InGay As/GaAs
thickness were further confirmed by the interference patternschottky diodes with InGaAs thickness of 100, 200, 300, 400, and 1000 A.
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FIG. 2. The reversé—V characteristics at 300 K for §pGa gAS/GaAs FIG. 4. The temperature-depend@htF spectra aV=—0.5V for 1000 A
Schottky diodes with InGaAs thickness of 100, 200, 300, 400, and 1000 Acase. Shown in the inset is its Arrhenius plot Rfdetermined from its
inflexion frequency.

from the bending of current at large bias. The origin of this
large resistance is due to a significant carrier depletion.  depletion is accompanied by an increase in leakage current,
Figure 2 shows that under a small reverse big4 ( indicating that both deteriorations probably result from the
<2V), the reverse-bias current increases with increasing Insame defect states. Present results also illustrate that leakage
GaAs thickness, similar to the forward saturation currentcurrent and carrier dep|etion can be used to determine the
indicating that the leakage current at small reverse bias cagitical thickness.
also be used to determine the critical thickness. Rgr In this article, we are particularly interested in the carrier
<2V theC-V measurement shows that the InGaAs layer isgepletion in the relaxed samples. A significant carrier deple-
outside the Schottky depletion region. The increase in thgion will introduce a high-resistive layer. The series resis-
leakage current with increasing InGaAs thickness suggest@nceR observed in both forward and reverse current for
that the effects of the defect states introduced by relaxationgoo A case will introduce &C time constant which can
extend to the depletion region. For large reverse voltagegeduce the high-frequency capacitanceCinF spectra. Fig-
(IVI>4 V), the slope of current with voltage decreases foryre 4 shows the temperature-depend@af spectra for the
400 and 1000 A samples, especially for 1000 A samplesiooo A case, which shows a clear capacitance step. Let us
This is due to the same resistance loading effect from carriessume that an acceptor level exists in the InGaAs region

depletion as in forward current. which can capture free-carriers and produce a relatively
high-resistive layer. A band diagram pertaining to this effect
B. Capacitance—frequency measurement is shown in Fig. %a), which contains a Schottky barrier with

Samples were previously examined byC-V
measuremenlt. For completeness, the apparent carrier con-

--------- LS R R R

centration derived from it is shown in Fig. 3. In contrast to a e cames |
carrier confinement in the quantum well for 100 and 200 A Ec °
samples, carriers are depleted for 300, 400 and 1000 A ARl ’(E? """"
samples. A drastic carrier depletion seems to occur when (a)
InGaAs thickness increases from 200 to 300 A. Carrier _/v
depletion is so significant that it goes beyond the InGaAs
region and spreads to GaAs layers on both sides. Carrier Ev S o
g p yers on both sides. Larmer ¥ ]
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FIG. 5. () The band diagram contains a Schottky barrier with a depletion
FIG. 3. The apparent carrier depth profiles converted f@#V data for capacitanceCp and a high-resistive InGaAs region represented by a resis-
Ing ,Ga gAs/GaAs structures with InGaAs thickness of 100, 200, 300, 400,tanceR in parallel with capacitanc€, . (b) The corresponding equivalent
and 1000 A. circuit.



J. Appl. Phys., Vol. 87, No. 3, 1 February 2000 Chen et al. 1371

a depletion capacitandgy and a high-resistive layer which 1 Tt 1T 1
can be represented by a large resistaRde parallel with [ Ec ]
capacitance_f:r. o _ _ CEf Ni=5.0x 107 em®
An equivalent circuit corresponding to the band diagram
in Fig. 5a) is shown in Fig. ), which will give rise to CEv 3
step-like capacitance spectra as shown in Fig. 4. At high 10 —
frequencies where &<(Cp+C,)R, free carriers cannot :g:z
follow the frequency to traverse through the high-resistive 101
layer, the observed high-frequency capacita@gés the se- :g::
ries combination ofCp and C,. From Fig. 4, atV
=-0.5V, C, is about 400 pF corresponding to 0.n 10!

n (cm's)

10"2
1010 ] ] ! ! ] A

which, as expected, is less than the total epitaxial thickness 07 -06 05 04 -03 -02 01 00
of 0.7 um. At low frequencies where &5 R(Cp+C,), the
free carriers can traverse through the high-resistive layer so X (pm)
that the observed low-frequency capacitance is the Schottky
depletion capacitanc€y . Figure 4 shows that is about
1100 pF which corresponds to a thickness of Qub® Thus,
the effective thickness of the high-resistive layer is .32
obtained fromC, using C,,=CpC,/(Cp+C,). The inflex-
ion frequencyw at which the capacitance drops from high to
low plateaus corresponds to tRC time constant effectw
=1/R(Cp+C,). By fitting to the experimental data in Fig.
4, we obtainedr=3000Q) for T=300 K, which is close to a
series resistance of 28@D obtained from fitting the forward
[-V in Fig. 1 usingl =1sexdq(V—RI)/nkT]. The activation
energy ofR determined from its Arrhenius plot was 0.32 eV
for V=—0.5V as shown in the inset of Fig. 4. Assuming the
acceptor’'s concentration is higher than the incorporated S#G. 6. () The band diagram assuming<a.0'’ cm* for the trap concen-
dopants, Fermi level is almost pinned to the acceptor |evetf*ation in the InGaAs reg?orﬁlOOO A) and its corresponding free electron

. . . concentration.(b) The solid curve is simulate€—V when the trap can
a_n_d this activation energy should be close to the energy pQBIIOW the sweeping rate of the dc bias and its converted depth profile. The
sition of the acceptor level. dotting C—V curve is the simulate€—V when the trap cannot follow the

Using 0.32 eV for the energy position of the acceptorsweeping rate of the dc bias.

trap, assuming a concentration 020 cm2 in the In-

GaAs region and a background Si donor concentration of 6 ) > 3 i
% 10'%cm™3, a numerical simulation resembling that used bycarrler concentratiofabout 162cm™3). This low concentra-

Missous and Rhoderiék was undertaken on the—V and tion gives a Debye length larger tharpin. Because of this
depth profile by solving the Poisson equation. Figuta) 6 resolution limitation, the measured concentration around the

shows the band diagram for 1000-A-thick InGaAs and itSI_nGaAs region does not give the real free-carrier concentra-

corresponding free electron concentration. Figui® 8hows E'r?n' On the ottherbhang, t?ﬁ ratnr?et ]?f cag]ler (_jep:e:!on f;%r_n
the simulatedC—V and its converted depth profile. During € experiment Is broader than that from the simuiation. THis

the simulation, it is assumed the trap cannot follow the fre'S pecagse th? trap 1S only .assumed in the InGaAs region
guency of the ac measuring signal. This assumption is justi(-jurlng S|mu_lat|on. But n ref”l“ty’ the trap extends beyond the
fied by the experimental condition. In tli&-V experiment, InGaAs region, especially into the bottom GaAs layer. This

the ac frequency was taken to be 2 kHz to avoid the serieirseélg;s’hows that thet k)realb(t:grrle(jr fcg:\e/nctira}[nobn tarounbd the
resistance effect. From DLTS which will be discussed Iater,n S region cannot be obtained ir ata but can be

the emission timéat 300 K) of the trap is about 0.02 s which estimated fr_om_the re_sst_an%s observed iIC—F spectra.
is two orders of magnitude longer than the period of the aglthough this simulation is undertaken for the 1000 A case,

05 04 03 02
X (pm)

: ; . ecause measure@-V also shows a significant carrier
?Ceg?;:?grgi%’lﬁgg'sazif:ﬁn&gnsg;iz chlvﬁ\?ep |ir:]g|:r;§g)30f t epletion, a similar result can be applied to 300 and 400 A
shows the simulatecC—V when the trap can follow the cases.
sweeping rate of the dc bias f@—V measurement, while
the dotted curve cannot. The simulat€d-V is almost the
same for both cases. In our experiment, our measGred Figures Ta), (b), (¢), (d), and(e) shows the DLTS spec-
is believed to be between these two conditions. tra for 100, 200, 300, 400, and 1000 A cases measured by a

It can be seen from Fig.(B) that the simulated depth HP4194 gain-phase analyzer. The DLTS spectra were taken
profile is similar to the measured concentration profile showrafter sweeping the voltage from 0 te4 V. The fill time was
in Fig. 3. Both cases show that the apparent carrier concerset at 5 s at 0 VFrom C-V data, this sweeping voltage
tration in the InGaAs region is aboutxi10*®cm 2 which is  enables us to probe the region including the quantum well.
more than four orders of magnitude higher than the real freeExcept for the 1000 A case, a DLTS signal always appeared

C. Deep-level transient spectroscopy
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FIG. 7. (a), (b), (c), (d), and(e) show the DLTS spectra for 100, 200, 300,
400, and 1000 A cases. The DLTS spectra were taken after sweeping the

voltage from 0 to—4 V. The fill time was set at 5 s at O v. Thate window A, E,=0.33e\(7.3x10 ¥®cn?) for 400 A, and E,
is 0.59, 1.18, 1.78, 2.37, 2.97, 3.56, 4.16, 4.75fer each curve. =0.33 e\(14>< loflscrnZ) for 1000A The reason Why the
activation energy is larger for 300 A is not clear at this point,
r”Jiut is suspected to be related to the InGaAs thickness. We
perature, we could not determine its parameters. This hig nave measured several diodes of the 300 A sample, their

temperature defect is suspected to be EL2, which has beé}?t'vat'on energh|es ‘g%rg a\l/wagllsharouhndho_.49 e_V V\_"th varia-
reported to exist in INGaAY tions no more than 0.05 eV. Although their activation ener-

Besides this high-temperature defect, no detectablgies are somewhat different, from their positions in Arrhen-

DLTS signals were observed for 100 and 200 A cases. How™S plot, they S_hOUId belong to the same_trap. B_ecause itis

ever, a dominating DLTS signal was observed at temperac_)nly observed in the relaxed samples, this trap is related to

tures’ around 200—250 K for 300. 400. and 1000 A Casesdefect states associated with the misfit dislocations intro-

Figure 8 shows the modified emission tim@2 vs 1000 duced by lattice relaxation. A similar trap at 0.395 eV has
’ H 10 i

the activation energieécapture cross sectiprof the traps PN observed by Uchidetal.™ on a 700-A-thick

were determined to b&,=0.49 eM8x10 6cn?) for 300 MoCaeAS.
a M ) In order to obtain the trap distribution, we reduced the

sweeping voltage to 0.2 V, that is from 0 t60.2 V, from
—0.2 to —0.4 V and so on, in the DLTS experiment. The
results of the ionized acceptdt, are shown in Figs. @)
and 9b) for 300 and 1000 A, respectively. The concentration
of N, was estimated by using

at high temperatures around 325 K. Because of its high te

106

o Co
. 3004 NA:ND(AC/C)(CO—Q)’
400A
+ 1000A7 here N} =6x10%%cm™3, C, was the steady-state capaci-
104 1 tance before the sweeping voltage was applied, @ndias
30 3.5 40 45 sio 3.5 60 the capacitance right after the sweeping voltage was applied.
1000/T (K ™) In both casesN, starts to increase from the top GaAs cap
FIG. 8. The modified emission timeT? vs 1000/T for the DLTS spectra. Iayer’ ShPW'”g maximum values  of 4>§Z_016 and 3.7
The activation energies were determined toEhe=0.49 eV for 300 AE, X 10'°cm™ for 300 and 1000 A cases around the quantum

=0.33 eV for 400 A, andE,=0.33 eV for 1000 A. well, and falls off into the GaAs bottom layer.
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In general, the profile o, and its magnitude are quite around the InGaAs region for the relaxed samples cannot be
similar for 300 and 1000 A cases. M, is due to the misfit obtained fromC—V measurement. Instead its concentration
dislocations, a similaN, for both 300 and 1000 A cases is estimated from the resistance of the depleted InGaAs re-
seems to be contradictory to the results of TEM previouslygion which introduces &RC time constant effect in the
reportedt! where a higher density of misfit dislocations is capacitance—frequency spectra. The activation energy of the
expected for 1000 A. Also the very broadnesd\gf profile  resistance is close to that observed in DLTS, indicating that
does not reflect the fact that misfit dislocations are mostlythe carrier depletion is caused by the trap at 0.33—-0.49 eV.
confined to the bottom interface as seen in TENHowever,
if we compare theN, profile with the apparent carrier con- ACKNOWLEDGMENT
centration[also shown in Figs. @) and 9b)], we find that _ ) )
their general shape are very similar, leading us to believe that The authors would like to thank the National Science

the resolution of theN; profile is also limited by Debye C(_)uncil of the Republic of China for financially supporting
length. Any detailed variation of trap concentration aroundthis research under Contract No. NSC-87-2112-M-009-022.
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