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Raman scattering, x-ray diffraction, and transmission electron microscopy (TEM) were used to
study GaAs layers grown by molecular beam epitaxy at low substrate temperatures (LT-GaAs). The
intensity of forbidden Raman scattering of longitudinal optical and transverse optical phonons
linearly increases as a function of the concentration of excess As in the range of [ Asg,]=0.04
X 10%°-1.175% 10%° cm 3. Concentrations of excess As in LT-GaAs layers were estimated from the
lattice spacings measured with an x-ray diffractometer. No obvious defect was seen in
cross-sectional TEM images of these nonstoichiometric As-rich GaAs layers. The origin of the
forbidden Raman scattering of the nonstoichiometric LT-GaAs layers is explained as the strain
induced by Asg, (As antisite)-related defects with low structural symmetry. © 2000 American

Institute of Physics. [S0021-8979(00)10819-9]

I. INTRODUCTION

GaAs layers are grown by molecular beam epitaxy
(MBE) normally at substrate temperatures around 600 °oC.!
* When the substrate temperature during MBE growth is low-
ered to the range of 200-300 °C, the low temperature grown
GaAs layers (LT-GaAs) contain excess As of around 1 at. %
but still possess high crystalline quality.>* As-grown and an-
nealed LT-GaAs has novel electrical and optical properties.
Namely, it has high electrical resistivity,** and its photoge-
nerated carriers have an ultrashort lifetime of a few 100 fs.%

The novel physical properties of as-grown LT-GaAs re-
sult from point defects related to excess As.? Earlier studies
indicate the existence of a number of types of excess As
defects. It is, however, now believed that the dominant type
of defects is antisite As(Asg,), while a lower concentration
of Ga vacancies (Vg,) is also present.9 The existence of only
these two types of excess As defects has so far been experi-
mentally confirmed without ambiguity; antisite As atoms are
identified by near-infrared absorption (NIRA), 1011 and Ga
vacancies are detected by slow positron annihilation. 12 The
existence of a high concentration of interstitial As atoms
(As;) was suggested by an earlier study which utilized ion
channeling measurements,”® but later it was shown by the
same group that the results of the ion channeling measure-
ments were also explained by the existence of only antisite
As atoms. From the linear correlation between the antisite As
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concentration and lattice expansion it was concluded that
antisite As is the dominant defect in LT-GaAs."! There is
still the possibility of the existence of low concentrations of
excess As defect complexes, one of which is suggested by
the first principle calculations.'

' The major potential area for the application of LT-GaAs
and its related material, LT-InGaAs, is ultrafast all optical
switching devices.!>!® This is because the development of
ultrafast all optical switches with switching speeds shorter
than 1 ps is essential for the realization of future Tbit/s op-
tical communication systems and LT-GaAs and LT-InGaAs
are considered as important candidate materials for this goal.
At the present stage, however, further studies of LT-GaAs

and LT-InGaAs, in particular studies of excess As defects '

which serve as carrier trapping sites, are necessary in order
to explore the above-mentioned possibility of the applica-
tion.

Several methods have been used to study defects in such
crystals. Since Raman scattering, as well as x-ray diffraction
(XRD) and transmission electron microscopy (TEM), is a
powerful technique for analyzing the structure of defects in a
crystal, several Raman measurements of LT-GaAs have al-
ready been reported.'”!® Unfortunately, these studies are not
sufficiently systematic that we can find an intrinsic tendency
in them. In some of them, even the concentrations of excess
As in the samples were not estimated, and the crystal quality
of the samples was not well characterized.

In the present study, we have characterized the defects

“and the strain in the LT-GaAs layers by Raman scattering,

XRD and TEM. We have grown a number of LT-GaAs
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layers, systematically controlling the concentration of excess
As. Then, we have checked the crystallinity of the samples
by TEM, and estimated the concentration of excess As by
measuring the increase of lattice spacings with an x-ray dif-
fractometer. We have found that the intensity of forbidden
Raman scattering of longitudinal optical (LO) and transver
optical (TO) phonons linearly increases as a function of the
concentration of excess As. We suggest that this forbidden
Raman scattering is due to Asg,-related defects with low
structural symmetry, which has a significant implication as to
the nature of these excess As defects.

Il. EXPERIMENT

Details of the method of growth of LT-GaAs layers are
described elsewhere.l’ A semi-insulating GaAs(100) wafer
was used as a substrate. In order to make LT-GaAs samples
with various concentrations of excess As, we carefully con-
trolled both the substrate temperature and the As,/Ga flux
ratio. The temperature of the substrate surface was measured
by an infrared pyrometer within an error of 1°C. Four dif-
ferent temperatures, 210, 240, 270, and 290 °C, were em-
ployed. The As,/Ga flux ratio was set by controlling' the
temperature of effusion cells containing As and Ga. The As,
and Ga fluxes in beam equivalent pressure (BEP) were mea-
sured with an ionization gauge placed at the position of the
sample substrate.'® The temperature of the effusion cells was
stabilized for more than 2 h prior to each growth. All LT-
GaAs layers were grown to a thickness of 640 nm at a
growth rate of 0.9 um/h,

In order to estimate the concentration of excess As in
LT-GaAs layers, we have measured lattice spacings in the
growth direction by XRD. Since an As—As bond is slightly
longer than an As—Ga bond, excess As leads to lattice ex-
pansion in LT-GaAs.!! According to an earlier report,!! the
change of lattice spacings (Ad/d) varies linearly as a func-
tion of the concentration of the As antisite. In the present

study, we used the equation empirically determined by Liu
etal’ to estimate the concentration of the As antisite

[Asg,]- The change of lattice spacings (Ad/d) was deter-
mined by rocking curve measurements of the 400 reflection
using an x-ray diffractometer with a four crystal monochro-
mator. Cu K« radiation was used for the measurements, Fig-
ure 1 shows one of the observed rocking curves as an ex-
ample. The peaks at 0 and —161 arcsec are the 400
reflections of the substrate GaAs and LT-GaAs layers, re-
spectively. In this example, Ad/d=1.18X10"3 was ob-
tained from the positions of the two diffraction peaks. From
this value, we have obtained [ Asg,]=9.52X 10" cm™3, The
concentration of excess As of other samples were estimated
in the same way.

Raman spectra of LT-GaAs layers were measured in
quasibackscattering geometry. The incident lighg was the 488
nm line of an argon ion laser. In order to avoid the heating
effect by laser light illumination, the power density of the
laser beam on the sample surface was set at a value of 0.64
W/mm?Z, The incident angle was 30° from the surface nor-
mal. Scattered light was collected with a set of lenses in the
direction normal to the sample surface, passed through a

|

- Sano et al. 3949
.,g v L) L) L) L]
=
3
£
S
£
e
3
£
>
£
I
x' 2 1 L 1 1
-400 -300 -200 -100 0 A 100 200

Angle (arc sec.)

FIG. 1. Rocking curve of the 400 reflection of a LT-GaAs layer on a GaAs
substrate. The peaks at 0 and —161 arcsec are the 400 reflections of the
substrate and the LT-GaAs layer, respectively. From the positions of these

ffraction peaks, the concentration of excess As of this sample is estimated
tq be 9.52X 10! cm 3.

notch filter and a single monochromator, and finally detected
by a charge-coupled device (CCD) camera with an image
intensifier. The resolution of. the monochromator was set at
bout 10 cm™'. All Raman experiments were performed in
ir at room temperature.

Polarized Raman spectra with four polarization combi-

o oW

nations, shown in Table I, were obtained. Table I also shows
the selection rule of LO- and TO-phonon Raman bands. This
selection rule is derived from the Raman tensors,

0 0O 0 0 a 0 a O

0 0 a 0 0 0),a 0 Of, 6}

0 a O a 0 0 0 0 O

r phonons polarized along the x, y, and z cubic axes,
respectively.?’

' For TEM observation, several cross-sectional samples of
-GaAs layers were prepared. These cross sections were
observed with the bright field imaging mode at an accelera-
tion voltage of 300 kV.

. RESULTS AND DISCUSSION

'l Raman spectra of LT-GaAs layers with different concen-
trations of excess As, 0.00X10%°, 0.04x10%, and 1.175
10 cm™3, are shown in Figs. 2(a)—2(c), respectively. The
first sample, i.e., the LT-GaAs layer without excess As, is
called the “‘stoichiometric LT-GaAs layer’’ in this article.
re, stoichiometric layer means that its lattice spacings are
the same as those of the GaAs substrate within the detection

TABLE 1. Polarization configurations and selection rule in backscattering
from the (100) face of a GaAs crystal.

Selection rule of first-order

Polarization Raman scattering
Configuration  Incidence  Output LO TO
A [o11] [011]  Forbidden Forbidden
B [011] [o11] Allowed Forbidden
C [010] [o10] Forbidden Forbidden
D [010] foot] Allowed Forbidden

Copyright © 2000. All rights reserved.
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FIG. 2. Raman spectra of LT-GaAs
layers with three different concentra-
tions of excess As: [Asg,]
=(2)0.00x10%, (b) 0.04X10%, and

Raman Intensity (arb. units)

(c) 1.175% 10 cm™3, and (d) a GaAs
layer grown under normal MBE
growth conditions. The four Raman
spectra, A, B, C, and D, shown in (a)—
(d) correspond to the spectra in the
four polarization configurations shown
D in Table I, respectively.
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limit of the x-ray diffraction technique. In Fig. 2(d), Raman
spectra of the GaAs layer grown at a normal substrate tem-
perature of 580 °C are shown as a reference. This last sample
is called ‘‘the normal sample”’ in this article.

The Raman spectra of the normal sample perfectly obey
the selection rule of the first-order Raman scattering from a
T;-syinmetry crystal shown in Table I. Namely, the LO-
phonon band at 290 cm™! is seen only in polarization con-
figurations B and D, and no TO-phonon band is seen in any
of the four configurations. The Raman spectra of the LT-
GaAs layer with [Asg,]=0.04X10®cm™ in Fig. 2(b) are
quite similar to those of the normal sample.

On the other hand, an obvious violation of the Raman
selection rule is seen in the Raman spectra of LT-GaAs lay-
ers with [Asg,]=0.00X10°cm™3 [Fig. 2(a)] and 1.175
X 10%®cm™3 [Fig. 2(c)]. In Figs. 2(a) and 2(c), a forbidden
LO-phonon band is seen in polarization conﬁguratlon C and
a forbidden TO-phonon band is seen at ~268 cm™’ in all
four configurations. The bandwidth of the observed forbid-
den TO-phonon bands in Fig. 2(a) is close to the instrumen-
tal resolution of ~10 cm™ 1, while the bandwidth of the TO-
phonon band in Fig. 2(c) is broader, i.e., 15-20 cm™

Figures 3(a) and 3(b) show the intensities of the forbid-
den LO- and TO-phonon Raman scattering, respectively, as a
function of the concentration of Asg,. The vertical axes are
Raman intensities of LO- and TO-phonon bands in configu-
ration C normalized to the intensity of the LO-phonon band
in configuration D for each sample. Different symbols in Fig.
3 represent different substrate temperatures adopted during
MBE growth.

In Fig. 3, the intensity of forbidden Raman scattering
increases in proportion to the concentration of Asg,. As an
exception, LT-GaAs layers with [Asg,]=0.00X10®cm™
i.e., the stoichiometric LT-GaAs layer, show large forbidden
Raman scattering. We also find that the intensities of forbid-
den Raman scattering of LT-GaAs with excess As depend
not on the substrate temperatures durmg MBE growth but
only on the concentration of Asg,. coh

Before turning to a detailed dlscuSSxon of the origin of
the observed violation of the Raman sé]eotxdn rule, we ex-
plain the results of TEM and XRD measurements employed

1

250 300 350

250 300 350

to check the crystal quality. Figures 4(a) and 4(b) are differ-
ent parts of the cross-sectional TEM images of a stoichio-
metric LT-GaAs sample with [Asg,]=0.00X10®cm ™. A
high density of dislocations and stacking faults is seen in Fig.
4(a). In Fig. 4(b), we find a Ga droplet with the diameter of
a few 10 nm at the surface. This TEM image in Fig. 4(b)
indicates that slightly excess Ga atoms were present on the
surface during MBE growth and these excess Ga atoms have
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FIG. 3. Intensity of forbidden Raman scattering as a function of the con-
centration of excess As. (a), (b) Forbidden LO- and TO-phonon Raman
intensities; respectwely, in polarization configuration C. Both forbidden Ra-
man intensities are normalized to the infensity of the LO-phonon band in
configuration D for every sample. The symbols represent substrate tempera-
tures during MBE growth, shown in the inset. The vertical dashed lines
indicate the zero ‘position of the concentration of excess As. The data on the
dashed lines ‘were obtained from samples, which were considered to be
stoichiometric  according to x-ray diffraction.
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FIG. 4. Cross-sectional TEM images of LT-GaAs layers with
[AsG,] (a), (b) 0.00%X 10%° and (c) 0.04X 102 cm 2,

formed Ga droplets without being incorporated into the
GaAs layer. Some excess Ga atoms, however, are incorpo-
rated into the layer, form liquid clusters, and then become
the seeds inducing the creation of the dislocations and the
stacking faults during MBE growth. In the XRD patterns of

the same sample, we failed to see the effect of these extended ;
"| phonon Raman scattering in' the case of a GaAs(100)

L gm‘face 2 Thus we conclude that EFIRS arising from band
s bg=nd1ng is not the origin of the violation of the Raman se-

defects, because the peak of the (400) reflections of the sto!» ‘

ichiometric LT-GaAslayer precisely overlapped the peakg bf
the substrate. |
Figure 4(c) is a cross-sectional TEM image of the LTI
GaAs layer with [ Asg,]=0.04X 10®cm™3. No extended de
fects such as dislocations and stacking faults are seen m F‘1gi
4(c). The LT-GaAs layers containing much more, excess As’
show similar TEM images. i v

In the XRD patterns of these LT-GaAs layers with ex-

cess As like the one in Fig. 1, the peak width of the (400)
reflection corresponds to the reciprocal of the thickness of
the LT-GaAs layer. Furthermore, clear fringes are seen in the
XRD profiles. The fringes are due to the interference of x
rays reflected at the upper and lower interfaces of the LT-
GaAs layer. These observations imply that the lattice struc-
ture of the LT-GaAs crystal is well ordered and that the

Copyright © 2000. A
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LT-GaAs layer has flat and abrupt interfaces. From the above
TEM and XRD measurements, we conclude that the crystal-
inity of the nonstoichiometric LT-GaAs layers which were
grown for this study is excellent even if the concentration of
xcess As exceeds 1.0X 102 cm ™3,

Let us now consider the origin of the observed violation
f the Raman selection rule. In the case of the stoichiometric
T-GaAs layers, it is clear that the dislocations and the
tacking faults observed in Fig. 4(a) are the origin of ‘the
tolation of the Raman selection rule. Hence, we do not dis-
cuss this stoichiometric sample any further in the present
article.

On the other hand, there must be some origin of the
jolation of the Raman selection rule of the LT-GaAs layers
ith high concentration of excess As other than the poor
rystallinity, because they are high quality epitaxial films.
ossible candidates of the origin are (1) surface roughness,
2) band bending, (3) uniaxial strain, and (4) point defects
ith low structural symmetry. In the following, we will dis-
cuss the feasibility of each candidate.

First, we examine whether the roughness of the GaAs
surface induces a violation of the Raman selection rule by
depolarizing the incident and scattered light. This effect is
excluded for the following reason. If this depolarization ef-
ct of surface roughness is operative, the intensity of forbid-
en Raman scattering in polarization configuration A is ex-
ected to be almost the same as that in configuration C.
owever, Fig. 2(c) shows that the Raman intensity in con-

[y

o

© =0

Ue =<

o~

hus, the effect of surface roughness is not operative in the
resent study. This explanation is also supported by the in-
ependence of the intensities of the forbidden Raman scat-
tering on the growth temperature, since a lower growth tem-
perature normally results in a rougher surface due to reduced
urface atom migrations.

Second, we consider the effect of band bending. It is
ell known that a strong electric field near the surface aris-
ing from band bending induces modification of the Raman
selection rule. In the case of GaAs(110) surfaces, the forbid-
den LO-phonon Raman band can be seen by electric-field-
induced Raman scattering (EFIRS).2? However, an analy-
sis of the Raman selection rule indicates that the electric field

d
p
H
" figuration A is much smaller than that in configuration C.
T
p
d

w

]

, along ‘the surface normal does not induce forbidden TO-

lectlonigule
) Thlrd we consider the change of symmetry of the crystal
,due to strain. LT-GaAs layers are uniaxially

H s_ramed ﬁlms Namely, the unit cell of the LT-GaAs layers is

- expanded in the [100] direction as described in Sec. II. This

S

ain leads to a change in symmetry of the GaAs crystal
structure from T; to D,;, and the Raman tensor should
change accordingly. The Raman tensor of a crystal with D,

symmetry is given by
0 0O 0 0 a 0 a O
0 0 }],0 0 Of,|]a O O {a#b), @
0 b O a 00 0 0 O

Il rights reserved.
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FIG. 5. Antisite As related defects: (a) the isolated Asg, with T, symmetry,

(b) the isolated Asg, with the symmetry reduced from T, and (c) the
Asg,-related complex with low structural symmetry. The gray open circles
in (b) and (c) correspond to the normal antisite.

for phonons polarized along the x, y, and z cubic axes,
respectively.?® Equations (1) and (2) indicate that Raman in-
tensities of optical phonon modes in both crystals with sym-

‘metry T, and D,; obey the same Raman selection rule.
Hence, violation of the Raman selection rule due to uniaxial
strain is not expected.

Fourth, let us consider the local strain induced around
the excess As atoms in the LT-GaAs layer. It is reported that
a large number of As antisites (Asg,) exist in the LT-GaAs
layer.!! When the Asg, is isolated and located at the equiva-
lent position of the Ga atom'in a perfect GaAs crystal, local
strain around the Asg, should exhibit the T, symmétry [Fig.
5(a)]. Here, local strain around the Asg, implies that nearest
neighbor As atoms are centrosymmetrically displaced with
respect to the antisite As atom. Thus, this local strain does
not affect the ratio of the Raman tensor elements.

The above discussion leaves us only one remaining can-
didate to examine, namely, point defects with low structural
symmetry. When the local strain exhibits low symmetry,
some zero components in the Raman tensor shown in Eq. (1)
become nonzero, and consequently the Raman selection rule
will change. Thus, forbidden TO- and LO-phonon bands of
GaAs(100) will be observed. The existence of the
Asg,related complexes with low structural symmetry was
proposed by Landman et al. through first-principle molecular
dynamics calculations.'* Yu et al. also proposed a similar
complex defect with the C3, symmetry from sharp-line pho-
toluminescence spectra.23 Therefore, we suggest that the
Asg,related defect with low structural symmetry is the ma-
jor origin of the observed violation of the Raman selection
rule. :

The most probable defect with low structural symmetry,
however, is the isolated antisite As atoms. As suggested ear-
lier by Liu et al.,'! a larger bond length between the antisite
As atom and nearest neighbor As atom may cause displace-
ment of the four nearest neighbor As atoms which results in
lowering the symmetry of the five As atom complex from the
T, symmetry. A picture of such an antisite As defect is
shown in Fig. 5(b). If this is the case, one can easily explam
the proportionality of the intensities of forbldden 'Raman
scattering to the concentration of antisite As.

Another possibility is the coexistence of isolated Asg,

with T, symmetry and Asg,related complexes with low
structural symmetry such as shown in Fig. 5(c). Because the

\
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forbidden Raman intensity of the LT-GaAs layers with ex-
cess As increases in proportion to the concentration of the
total Asg, defects, we may assume that the concentration of
the Asg,-related complexes with low structural symmetry
[LS-Asg,] is proportional to the concentration of the total
Asg, defects [Asg,]. Namely, the ratio of [LS-Asg,] to
[Asg,] is constant in all the samples with excess As. In order
to clarify which of the above two explanations is correct,
further studies are necessary.

IV. CONCLUSION

We have grown LT-GaAs layers with various concentra-
tions of excess As by MBE and have measured Raman scat-
tering of LO- and TO-phonon modes of the LT-GaAs
samples. The intensity of forbidden Raman scattering lin-
early increases as a function of the concentration of excess
As in the range of [Asg,]=0.04X 10%°-1.175X10® cm ™.
As an exception, the stoichiometric LT-GaAs layer without
excess As shows large forbidden.Raman scattering. The ori-
gin of the forbidden Raman scattering of the stoichiometric
LT-GaAs layer is the dislocations and the stacking faults in
the LT-GaAs layer. In the case of nonstoichiometric LT-
GaAs layers with excess As, crystallinity is excellent even if
the concentration of excess As exceeds 1.0X10%cm™3,
Asg,-related defects with low structural symmetry are sug-
gested to cause forbidden Raman scattering in nonstoichio-
metric LT-GaAs layers.
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