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Analysis of strain relaxation in GaAs/InGaAs/GaAs structures
by spectroscopy of relaxation-induced states
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Strain relaxation in GaAs/Iny,GaygAs/GaAs structures is investigated by analyzing
relaxation-induced traps. Strain relaxation is shown to cause carrier depletion by the induction of a
0.53 eV trap in the top GaAs layer, a 0.13 eV trap in the InGaAs layer, and a 0.33 eV trap in the
neighboring lower GaAs layer. The 0.53 eV trap which exhibits a logarithmic function of transient
capacitance is attributed to threading dislocations. The 0.33 eV trap exhibits an exponential transient
capacitance, suggesting a GaAs point defect as its origin. Given its activation energy, it is assigned
to the EL6 in GaAs, commonly considered to be As;-V, complexes. This trap and the 0.13 eV trap
are regarded as the same, since their energy difference is comparable to the optically determined
conduction-band offset. The spatial location of this trap correlates with that of misfit dislocations.
Accordingly, the production of this trap is determined from the mechanism of strain relaxation. A
likely mode of strain relaxation is deduced from the locations of these traps. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2433771]

l. INTRODUCTION

The InGaAs/GaAs material system is very suitable for
systematically studying strain relaxation'™ because relax-
ation drastically changes the electrical® and optical proper-
ties of the system, such as photoluminescence (PL) wave-
length shift,”® disappearance of x-ray interference patterns,9
a significant increase in leakage current,'® and the generation
of electrically active traps.l(L17 A relaxation-induced trap at
0.58 eV was previously observed in this system by deep-
level transient spectroscopy (DLTS) and was attributed to the
cores of a-type dislocations.'” This trap has similar proper-
ties to those of the dislocation-induced trap ED1 observed by
Wosinski'® in plastically deformed GaAs. However, due to
the band offset, whether the observed emission energy is
related to the GaAs or InGaAs conduction band (CB) is un-
clear. The effect of interfacial band discontinuity on the
emission properties of defect traps has not been well estab-
lished. Furthermore, deep traps with their localized wave
functions have been proposed to be useful as a probe of the
interfacial band structure.'®'? This work characterized the
spatial locations of the relaxation-induced traps in a
GaAs/InGaAs/GaAs double heterostructure (DH) using
DLTS measurements. The results are compared with PL data
to elucidate the effect of the interfacial band structure. The
likely mechanism of strain relaxation is discussed based on
the nature of the traps.

Il. EXPERIMENT

The GaAs/In,,GaygAs/GaAs DH samples were grown
on n*-GaAs (001) substrates by Varian Gen II molecular
beam epitaxy (MBE). The details of the growth can be found
elsewhere.® The InGaAs layer was immersed between two
0.3-um-thick n-type GaAs layers. Both the InGaAs and the
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GaAs layers were doped with Si to a nominal concentration
of 6X10'® cm™. The whole structure was grown at 550 °C.
The thickness and the composition of the InGaAs layer were
determined by the oscillation of reflection high-energy elec-
tron diffraction and checked with x-ray (004) double-crystal
rocking curves. Metal Au with a dot diameter of 1500 um
was evaporated to fabricate Schottky diodes.

lll. MEASUREMENT AND RESULTS
A. C-V profiling and DLTS spectra

When the thickness of the In,Ga, gAs layer exceeds the
critical thickness [between 200 and 300 A (Ref. 9)], the
strain is relaxed and causes carrier depletion in the InGaAs
region. Figure 1 presents the apparent-carrier-concentration
profiles, converted from the 300 K capacitance-voltage
(C-V) curves (shown in the inset), measured at 1 kHz for a
relaxed sample with a 1000-A-thick InGaAs layer and a non-
relaxed sample with a 200-A-thick InGaAs layer. Unlike the
InGaAs layer of the 200 A sample in which carriers accumu-
late, the InGaAs layer and neighboring GaAs layers of the
1000 A sample exhibit significant carrier depletion, indicat-
ing that the relaxation-induced traps are electron-trapping
centers. These traps were revealed by DLTS measurements.
Figures 2(a)-2(c) show the DLTS spectra of the 1000 A
sample, measured by sweeping voltages from 0 to —-0.5 V,
from —1 to —2 V, and from -2.5 to —3.5 V to probe the up-
per GaAs layer, the InGaAs layer, and the neighboring lower
GaAs layer, respectively. Four relaxation-induced traps are
identified. The activation energies (capture cross sections) of
the traps, except the high-temperature trap in Fig. 2(b), are
obtained as 0.53eV  (1.1X107'%cm?), 0.13eV (I
X 1072° ¢cm?), and 0.33 eV (1.4X 1078 cm?), respectively.
Figure 3 shows the Arrhenius plots of the traps at 0.53 and
0.33 eV. These are probably the traps at 0.54 and 0.34 eV
observed in relaxed InAs (Ref. 20) self-assembled quantum

© 2007 American Institute of Physics
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FIG. 1. Apparent-carrier-concentration profiles converted from the C-V

curves (in the inset) of the GaAs/InGaAs/GaAs samples with 200 and
1000 A InGaAs layers. The 1000 A sample exhibits significant carrier
depletion in the InGaAs layer and neighboring GaAs layers, due to
relaxation-induced traps whose concentrations and spatial locations are as
presented in Fig. 2.

dots (QDs) and those at 0.64 and 0.35 eV observed in re-
laxed InAsSb (Ref. 21) QDs (E1 and E2 in Fig. 3). This
result suggests that the relaxation mechanisms in the QDs
and quantum-well (QW) structures are similar and that the
relaxation-induced traps have distinct emission properties.
Understanding the strain relaxation in QW may provide valu-
able information about the mechanism of strain relaxation in
the QDs.

Figure 1 also plots the concentrations of the traps at
0.53, 0.13, and 0.33 eV versus spatial locations. The concen-
trations were estimated from the expression (2AC/C)N,
where AC is the maximum of the transience in the DLTS
spectra and N was the background concentration of 6
X 10'® cm™. The spatial locations were obtained from their
corresponding capacitance C (neglecting the \ effect) of the
sweeping voltages used in the DLTS measurements. Since a
trap is observed when the Fermi level crosses the trap level,
the estimated spatial locations of the traps are shifted to a
slightly greater depth. As shown in Fig. 1, the traps at 0.53
and 0.33 eV are clearly located in the upper GaAs layer and
the lower GaAs layer, respectively. The trap at 0.13 eV is
approximately located in the InGaAs layer. Strain relaxation
induces the trap at 0.53 eV with an estimated concentration
of about 2X 10" cm™ in the top GaAs layer. The intensity
of this trap increases with the duration of the filling pulse.
The transient-capacitance—time plot of this trap is a logarith-
mic function,21 which is a characteristic of the Coulombic
repulsion of the carriers captured at the traps along with the
linearly arrayed dislocation lines.'® This trap is therefore at-
tributed to the threading dislocations that were observed by
transmission electron microscopy (TEM) images in the top
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FIG. 2. DLTS spectra of the 1000 A sample for sweeping voltages (a) from
0to -0.5V, (b) from -1 to =2 V, and (c) from -2.5 to —=3.5 V, roughly
corresponding to the upper GaAs layer, the InGaAs layer, and the lower
GaAs layer, respectively. The rate windows are as indicated. The spectra
show a trap at 0.53 eV in the top GaAs layer, a trap at 0.13 eV and the EL2
in the InGaAs layer, and a trap at 0.33 eV in the neighboring lower GaAs
layer.

GaAs layelr.8 This trap has similar emission properties to the
dislocation-induced trap EDI1 observed by Wosinski'® in
plastically deformed GaAs (E1 in Fig. 3) and is probably to
be the trap at 0.58 eV that was observed in InGaAs/GaAs by
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FIG. 3. Arrhenius plots for the traps at 0.53 and 0.33 eV in Fig. 2. Also
included are the traps that were previously observed in relaxed InAs (Ref.
20) (El: 0.63 eV, E2: 0.37 ¢V) and InAsSb (Ref. 21) (El: 0.64 eV, E2:
0.35 eV quantum dots, plastically deformed GaAs by Wosinski (Ref. 16), a
relaxed Ingg3Gagg;7As/GaAs sample used by Buchwald er al. (Ref. 15),
and a relaxed GaAs/In,,Ga,3As/GaAs sample used by Uchida et al. (Ref.
11).
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of the observed traps.

Watson ef al.'* who attributed it to the cores of a-type dis-
locations. Buchwald er al.'> observed a similar trap at
0.58 eV in relaxed Ingy33Gagg;7As/GaAs sample (El in
Fig. 3).

Figure 2(b) shows that the InGaAs layer contains the
trap at 0.13 eV, with a concentration of 3.1 X 10'* cm™3, and
a trap at around 350 K. This high-temperature trap is not
well behaved; therefore, its activation energy cannot be de-
termined. However, the temperature range suggests that this
trap may be the well-known EL2.%%% This assignment was
supported by the data of Irvine and Palmer®* who observed
EL2 in a relaxed InGaAs layer grown on GaAs by MBE and
attributed it to an interaction between Ga vacancies and mis-
fit dislocations. Figure 2(c) shows that the lower GaAs layer
contains the trap at 0.33 eV with a concentration of 2.4
X 10" ¢cm™. The magnitude of this trap initially increases
and finally saturates as the filling pulse duration time in-
creases. The transient-capacitance—time plot of this trap is an
exponential function,”’ suggesting that its origin is an iso-
lated point defect, rather than a dislocation. Since this trap is
detected in the GaAs layer, its activation energy is unam-
biguously related to the GaAs CB edge. By comparison, it is
tentatively assigned to the EL6 (E.—0.35¢V) in GaAs,
which is considered to be a As;— Vg, complex.25 This trap is
probably the one at 0.395 eV previously observed by Uchida
et al.' in a relaxed GaAs/ Ing,Ga, gAs/GaAs sample (E2 in
Fig. 3). Although conclusive evidence is lacking, this trap is
considered to be the trap at 0.13 eV observed in the InGaAs
layer. The difference between their energies may arise from
the fact that this trap is located across the lower interface
with a CB offset. The band offset is such that whether its
0.13 eV activation energy is related to the InGaAs or GaAs
CB edge is unclear. However, as shown in Fig. 1, the carriers
are depleted in the InGaAs layer, and thus the Fermi level
falls well below the InGaAs CB edge in the InGaAs layer. If
the trap was at 0.13 eV below the GaAs CB edge, due to a
CB band offset of 0.2 eV, it would be above the InGaAs CB
edge and the carriers therein would be depleted, contradict-
ing the observation that this trap is present with a consider-
able concentration. Hence, the trap is considered to lie
0.13 eV below the InGaAs CB edge. For a CB band offset of
0.2 eV, this energy happens to align with the trap at 0.33 eV,
observed in the lower GaAs layer, suggesting that they are
the same. Any energy perturbation at the interface is ne-
glected, and the traps are then presented in the simplified CB
diagram in Fig. 4. Upon modulation, the electrons in the
013 eV traps are thermally activated to the InGaAs CB and
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FIG. 5. 300 K PL spectra of relaxed 300, 400, and 1000 A samples. In each
case, the energy separation between the GaAs and InGaAs peaks is about
0.26 eV. The emission at around 1.2 eV is speculated to be a defect emis-
sion that is related to Ga vacancies.

subsequently to the GaAs bottom electrode. This latter pro-
cess was not resolved because of its short emission time
(which was less than 107 s at 10 K, estimated from the non-
relaxed samples in which the electron accumulation peak ex-
hibits no frequency-dependent attenuation up to 10° Hz at
10 K).

B. PL spectra

Figure 5 shows the 300 K PL spectra of the relaxed 300,
400, and 1000 A samples to evaluate the CB offset. Relax-
ation causes their PL spectra to be markedly inferior to that
of the nonrelaxed samples. Therefore, a relatively high exci-
tation power was used for the measurements, probably caus-
ing the sample temperature to exceed 300 K. Each sample
clearly shows two emissions from the GaAs and InGaAs
layers with an energy separation of about 0.26 eV. If the
ratio of the CB and valence-band (VB) offsets is taken as
7.7:2.3 (which is close to the 7:3 reported by Marzin et al.*®),
then the CB offset would be 0.2 eV, which is the activation
energy difference between the traps at 0.13 and 0.33 eV.
Thus, this energy difference is attributed to an effect of band
offset. This result suggests the possibility of using this defect
trap as a local probe for the interfacial band structure. Figure
5 reveals that, besides the GaAs and InGaAs peaks, the spec-
tra display an additional peak at around 1.2 eV. The origin of
this peak is not clear. However, it is suspected to be a defect
emission that is related to Ga vacancies. A similar emission
around this wavelength was observed in the back-side illu-
mination of the studied samples. This emission is often
present in liquid encapsulated Czochralski (LEC) GaAs
substrates.” Chiang and Pearson’’ and Ohbu er al.”® ob-
served a similar emission (at 1.24 eV) in low-temperature-
grown GaAs films and attributed it to a Ga vacancy (Vg,)
state. Yu et al.” observed a broad emission centered on
~1.1 eV in low-temperature-grown GaAs films and also at-
tributed it to a Vg,-related emission. This assignment is sup-
ported by the observation of the EL6 (As;— Vg, complexes),
since the presence of Vg, favors the formation of the EL6.
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C. Mode of strain relaxation

A likely mode of strain relaxation is deduced from the
spatial locations of these traps. In a previous work, strain
relaxation in the GaAs/InGaAs system occurred at the lower
interface, whereas the upper interface remains coherently
strained,' according to x-ray (004) double-crystal diffraction
spectra, which showed an emergent peak on the right-side
shoulder of the GaAs peak, suggesting the lateral expansion
of the top GaAs layer8 by the expanded InGaAs layer. This
relaxation mode was confirmed by TEM images, which show
misfit dislocations in the vicinity of the lower interface.® In a
similar work,'” the electron-beam induced current technique
revealed a network of misfit dislocations along two orthogo-
nal (110) directions. The spatial location of the EL6
(As;—Vg,) correlates with that of the misfit dislocations.
Hence, the production of the EL6 is deduced from the strain
relaxation. As the InGaAs layer grown on GaAs is laterally
compressed, at the critical point, the associated stress can be
relieved by removing As atoms from their lattice sites,?
leading to excess As, probably in the form of As;,. When
misfit dislocations are available, As; may interact with the
misfit dislocations and produce Ga vacancies (Vg,) by the
reaction”* As;+dislocation — dislocation climb+Vg,. The
nonzero Vg, is consistent with the 1.2 eV emission in Fig. 5.
The induced Vg, can interact with As; and form As;—Vg,
complexes, leading to the observation of the EL6. With con-
tinued InGaAs growth, we suggest a transformation of the
EL6 to the EL2 (Asg,) by dissociation of the As;—Vg, com-
plexes and the subsequent reaction, As;+Vg,— Asg,. This
transformation can increase the EL2 concentration and re-
duce the EL6 concentration near the outer surface of the
InGaAs layer. This result may explain the data of Irvine and
Palmer® who observed only the EL2 in a relaxed
1.5-pum-thick InGaAs layer grown on GaAs by MBE. Sig-
nificant relaxation is associated with a large leakage current
that might prevent them from probing the interfacial region
for detecting the EL6. In fact, they mentioned that electrical
breakdown in one of their samples prevented DLTS measure-
ments at over 0.8 um from the front surface. Since the strain
is relaxed at the lower interface and the upper interface still
remains coherently strained, the top GaAs layer is expanded
laterally. In this case, no driving force for removing As from
their lattice sites to relieve stress exists. Without excess As,
the production of the EL6 and in turn the EL2 is suppressed,
which, in fact, may explain the observation of only the
0.53 eV trap, related to the cores of a-type threading dislo-
cations, in the top GaAs layer.

IV. CONCLUSIONS

Strain relaxation is shown to cause significant carrier
depletion by the generation of a trap at 0.53 eV in the top
GaAs layer (associated with threading dislocations), a trap at
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0.13 eV and the EL2 in the InGaAs layer, and a trap at
0.33 eV in the neighboring lower GaAs layer. The traps at
0.13 and 0.33 eV are considered to be the same trap because
the difference between their energies is comparable to the
optically determined conduction-band offset. This result sug-
gests a method for probing interfacial band discontinuity.
Given its activation energy, the 0.33 eV trap is assigned to
the EL6 in GaAs, which is often considered to be As,—Vg,
complexes. A likely mode of strain relaxation is deduced
from the spatial locations of these traps.

ACKNOWLEDGMENTS

The authors would like to thank the National Science
Council of Taiwan, Republic of China, for financially sup-
porting this research under Contract No. NSC-94-2112-M-
009-029. This work was partially supported by MOE, ATU
program.

'7. W. Mattews and A. E. Blakeslee, J. Cryst. Growth 27, 118 (1974).
2W. D. Laidig, C. K. Peng, and Y. F. Lin, J. Vac. Sci. Technol. B 2, 181
(1984).

°R. People and J. C. Bean, Appl. Phys. Lett. 47, 322 (1985).

“N. G. Anderson, W. D. Laidig, and Y. F. Lin, J. Electron. Mater. 14, 187
(1985).

LT Fritz, P. L. Gourley, and L. R. Dawson, Appl. Phys. Lett. 51, 1004
(1987).

1 J. Fritz, S. T. Picraux, L. R. Dawson, and T. J. Drummond, Appl. Phys.
Lett. 46, 967 (1985).

™. J. Joyce, M. Galand, and J. Tann, J. Appl. Phys. 65, 1377 (1989).

8. F Chen, P. Y. Wang, J. S. Wang, N. C. Chen, X. J. Guo, and Y. F. Chen,
J. Appl. Phys. 87, 1251 (2000).

P.Y. Wang, J. F. Chen, J. S. Wang, N. C. Chen, and Y. S. Chen, J. Appl.
Phys. 85, 2985 (1999).

197, F. Chen, P. Y. Wang, J. S. Wang, C. Y. Tsai, and N. C. Chen, J. Appl.
Phys. 87, 1369 (2000).

My, Uchida, H. Kakibayashi, and S. Goto, J. Appl. Phys. 74, 6720 (1993).

2G. P. Watson, D. G. Ast, T. J. Anderson, B. Pathangey, and Y. Hayakawa,
J. Appl. Phys. 71, 3399 (1992).

BA. Y. Du, M. F. Li, T. C. Chong, K. L. Teo, W. S. Lau, and Z. Zhang,
Appl. Phys. Lett. 69, 2849 (1996).

1S, Dhar, U. Das, and P. K. Bhattacharary, J. Appl. Phys. 60, 639 (1986).

>W. R. Buchwald, J. H. Zhao, M. Harmartz, and E. H. Poindexter, Solid-
State Electron. 36, 1077 (1993).

T, Wosinski, J. Appl. Phys. 65, 1566 (1989).

170. Yastrubchak, T. Wosinski, A. Makosa, T. Figielski, and A. L. Toth,
Physica B 308, 757 (2001).

7. M. Langer and H. Heinrich, Phys. Rev. Lett. 55, 1414 (1985).

P, Krispin, J.-L. Lazzari, and H. Kostial, J. Appl. Phys. 84, 6135 (1998).

2.8, Wang, J. F. Chen, J. L. Huang, P. Y. Wang, and X. J. Guo, Appl. Phys.
Lett. 77, 3027 (2000).

2R Chen, R. S. Hsiao, W. D. Huang, Y. H. Wu, L. Chang, J. S. Wang, and
J. Y. Chi, Appl. Phys. Lett. 88, 233113 (2006).

22G. M. Martin and A. M. Mitonneau, Electron. Lett. 13, 191 (1977).

D, C. Look, Thin Solid Films 231, 61 (1993).

2A. C. Irvine and D. W. Palmer, Phys. Rev. Lett. 68, 2168 (1992).

P, W. Yu, G. D. Robinson, J. R. Sizelove, and C. E. Stutz, Phys. Rev. B 49,
4689 (1994).

27y, Marzin, M. N. Charasse, and B. Sermage, Phys. Rev. B 31, 8298
(1985).

7S, Y. Chiang and G. E. Pearson, J. Lumin. 10, 313 (1975).

], Ohbu, M. Takahama, and K. Hiruma, Appl. Phys. Lett. 61, 1679 (1992).



