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Intense terahertz (THz) electromagnetic wave emission was observed in undoped GaAs thin films
deposited on (100) n-GaSb substrates via moelecular beam epitaxy. GaAs/n-GaSb heterostructures
were found to be viable THz sources having signal amplitude 75% that of bulk p-InAs. The GaAs
films were grown by interruption method during the growth initiation and using various
metamorphic buffer layers. Reciprocal space maps revealed that the GaAs epilayers are tensile
relaxed. Defects at the i-GaAs/n-GaSb interface were confirmed by scanning electron microscope
images. Band calculations were performed to infer the depletion region and electric field at the
i-GaAs/n-GaSb and the air-GaAs interfaces. However, the resulting band calculations were found
to be insufficient to explain the THz emission. The enhanced THz emission is currently attributed
to a piezoelectric field induced by incoherent strain and defects. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4770267]

I. INTRODUCTION

There has been considerable interest in the molecular
beam epitaxy (MBE) growth of GaAs on GaSb substrates to
realize vertical cavity light emitting diode' and quantum
dots emitting at 1.85 ym.” In order to contain the strain in the
interface and to reduce the defects due to the high lattice
mismatch (~8%), growth techniques such as interfacial mis-
fit arrays (IMF) have been employed."3 In this paper, we
report on the successtul MBE growth, structural quality, and
terahertz (THz) emission of GaAs thin films on GaSb sub-
strates, The GaAs/n-GaSb films are characterized by a THz
signal that is as much as 75% of that of p-type InAs.

Among the semiconductor surfaces irradiated by femto-
second laser pulses, bulk p-InAs has been shown to be one of
the most intense THz emitters.” However, recent works
indicate that a judicious choice of layers of semiconductors
may lead to new sources of THz emission with intensities
that are comparable to that of bulk p-InAs. A study revealed
that an i-GaAs/n-GaAs epilayer structure has a stronger THz
signal than an n-GaAs due to an enhanced depletion width.”
It was reported that a 70% enhancement from InAs/GaAs
quantum dots interspersed in GaAs was attributed to the
strain field.” Another study explained that the enhanced THz
emission of undoped-GaAs/n-GaAs layer on a Si substrate
was due 1o three regions of high electric field."”

The quality of the GaAs layers grown on GaSb was
established by investigating their enhanced THz emission. In
addition, semiconductor surface THz emitters are of interest
due to their ease of use and wide applicability in THz spec-
troscopy. As such, GaAs/n-GaSb may prove promising as an
unbiased, unfabricated semiconductor surface emitter.
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Il. METHODOLOGY

The layers were grown in a Riber 32P MBE chamber
equipped with Ga and tetrameric As cells. The (001) n-GaSb
substrates were subjected to chemical preparation steps to
achieve a clean epi-ready surface, consistent with previous
studies.'""'? The substrates were immersed in HCI for 1 min
to etch off the residual oxides along with pre- and postde-
greasing steps. To form a protective oxide layer, the sub-
strates were submerged in 0.2% Br-methanol solution for
30s. The substrates were outgassed in the loading chamber
for 1 h at a nominal temperature of 350°C. The oxide layer
was thermally desorbed in the growth chamber under an As,
flux of 5 x 107% Torr. From the reflection high-energy elec-
tron diffraction (RHEED) pattern, the onset of oxide removal
occurred at 520°C. The substrates were then heated to
530°C for only 5min to avoid surface decomposition. The
pattern was characterized by a spotty diagram with diffused,
overlaid chevrons, as shown in Fig. 1. After 2 min at a sub-
strate temperature, Ty — 530°C, the RHEED pattern turned
into a (2 x 4) GaAs-like pattern with short streaks, indicating
a smoother surface. The growth of GaAs commenced by
opening the Ga shutter. Then for Smin, a cycle of shutter
sequences was implemented to allow the Ga atoms to
migrate to favorable sites:'? (i) Ga and As shutters were
opened for 1s then (ii) only As shutter was opened for 1s.
We observed that the (2 x 4) GaAs-like diffraction pattern
persisted. Previous attempts without the use of the aforemen-
tioned method resulted to flaking off of the surface.

Two series of samples were grown. Sample I was com-
prised of a 0.5-um-thick GaAs buffer, 40 periods of AlAs
(20 A)/GaAs (20 A) superlattice buffer, and a 0.4-um-thick
GaAs. The SL was deposited to smoothen the surface.'* In
sample II, we used a buffer material that has a smaller lattice
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FIG. 1. RHEED (12keV) images during oxide removal showing (a) patterns
superimposed by chevrons for the [110] and (b) the | 110] uzimuths, and the
(c) (2 x 4)-like patterns for the [110] and (d) the [110] azimuths after heat-
ing at 530°C for 2min.

mismatch with GaSb. A 4000-A InAs buffer and 60 periods
of InAs (20 A)/GaAs (20 A) superlattice were grown before
the 1.5-pm-thick GaAs layer. Growth interruption was per-
formed during the growth initiation of all the samples. For
the case of sample II. where an InAs buffer was used, the
shutter sequence was as follows: (i) In and As shutters were
opened for 1s, then (ii) only As shutter was opened for 1s.
The schematic diagrams of the layers are provided in Fig. 2.

The strain and structural quality of the samples were an-
alyzed wsing x-ray reciprocal space maps (RSM). X-rays
were produced by a Cu-target with K, = 1.5443 A and
K,; = 1.5405 A, Scanning electron microscopy (SEM) was
used to reveal the surface morphology and interface quality
of the layers.

A standard THz-time domain spectroscopy (THz-TDS)
set-up was utilized to compare the THz emission of the sam-
ples with p-InAs and semi-insulating (SI) GaAs wafers in the
reflection excitation geometry.” The excitation source was a
mode-locked Ti:sapphire femtosecond laser emitting at 800 nm
wavelength with a pulse width of ~100fs at a repetition rate

GaAs 1.5 pm

GaAs 0.4 pm
AlAsUsaAs O |6 pem
GaAs 0.5 pm

ImAsGaAs (24 gim

InAs 4000 A

n-CiaSh n-CiasSh

FIG. 2. Cross-sectional structures of the layers.
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of ~80MHz. The THz-TDS set-up employed an optically
grated LT-GaAs photoconductive antenna detector.

lll. RESULTS AND DISCUSSION

Figure 3 presents the THz time-domain waveforms
emitted from the undoped GaAs/n-GaSb samples in compari-
son with (100) p-InAs and SI GaAs wafers. The curves are
offset in the time scale for ease of comparison. The p-InAs
wafer still emitted the strongest THz signal (black trace),
while a bare GaSb substrate showed the weakest (<6 magni-
fied gray trace). The SI GaAs emission is less intense than
that of p-InAs by approximately one order of magnitude.
Similarly, earlier works reported a one order of magnitude
difference between the THz emission intensity of bulk GaAs
and bulk p-InAs.”'"' However, our GaAs/n-GaSb layers
demonstrated THz emission intensities comparable to p-
InAs. The signal amplitude of sample I is half of that of p-
InAs wafer. Sample Il generated THz signal which was
about 75% that of the p-InAs signal. The relatively stronger
THz emission observed for sample II may be attributed to
the InAs/GaAs buffer layer. The buffer layer for sample I is
GaAs which is highly lattice-mismatched to the (100) GaSh.
Notice that the intensity of GaAs/n-GaSb is ~ 10 times stron-
ger than that of the GaSb substrate. Assuming that both
GaSb and GaAs contribute to the THz emission from the
GaAs/n-GaSb samples upon excitation, it could be expected
that the THz emission intensity is a linear superposition of
the THz emissions from bare GaSb and SI GaAs wafers.

At 800nm pump. the penetration depth of the laser is
~1 pm for GaAs. Previous studies attributed the THz genera-
tion in GaAs to surface field acceleration caused by Fermi-
level pinning.* It is generally believed that an electric field
causes enhanced THz emission due to greater acceleration
gradient. We calculated the depletion width in the GaAs sur-
face by assuming a surface potential 0.72eV due to band
bending. The carrier concentration in the undoped GaAs
layer was estimated (o be N; = 1 x 10" em™."® The surface
electric field and depletion width were then calculated to be
14 kV/em and 1000nm, respectively. In contrast, an electric
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FIG. 3. THz waveforms emitted from undoped GaAs layers grown on n-
GaSh are comparable with the THz emission of bulk p-InAs. Offset in the
time scale was provided for ease of comparison.
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field strength of 35kV/ecm for the i-GaAs/n-GaAs homo-
structure that yielded 10 times better THz emission than bulk
n-GaAs was reported in Ref. 8. It may be noticed that the
calculated depletion widths for our layers are insufficient to
account for the intense THz emission. This suggests that
aside from the surface field, there could be other regions
under strong electric fields such as the GaAs/n-GaSb inter-
face. In Ref. 10, the THz emission of undoped-GaAs/n-GaAs
layer on Si was attributed to three regions of high electric
fields. We then calculated the interface field strength by
assuming a 70:30 conduction band-valence band offset. The
carrier concentration in the n-CGaShb (N, =4 x 107 cm™)
was verified using van der Pauw Hall measurements. The
calculated electric field and depletion width in the GaAs side
of the GaAs/n-GaSb interface are 7kV/cm and 0.54 um,
respectively.'”'® The GaSb side is not relevant due to the
limit of the laser penetration depth. Even so, the THz emis-
sion that could have resulted from contributions from both
surface field and interface field could not account for the
enhanced THz signal.

Because of the significant lattice mismatch in the hetero-
structure, the effect of strain and dislocations is anticipated.
The /20 x-ray scans of the samples reveal broadening of
GaAs peaks indicating structural defects, such as disloca-
tions and strain.'” However, RSM measurements reveal that
the layers are relaxed. Figure 4 shows the RSM around the

J. Appl. Phys. 112, 123514 (2012)

(444) epitaxial GaAs reciprocal lattice points (RELP). The
k-space coordinate S, of the RELP maxima is related to the
parallel interplanar spacing and parallel lattice parameter.””
From the maps, the calculated lattice parameter of the GaAs
overlayer is 5.65 A. Compared to the lattice parameter of a
free-standing GaAs (5.6533 A), the result suggests that the
top GaAs layer is relaxed for all samples. It must be noted
that at present, we cannot quantify the residual strain and the
defect density cannot be inferred from the RSM data.

SEM micrographs in Fig. 5 show etch pits at the
substrate-epilayer interface signifying a highly dislocated
interface. It is believed there might still be incoherent strain
in this region. The plan-view SEM images further attest that
the surface is not smooth due to the presence of defects.

To explain the THz emission of the samples, we also
consider the design of the metamorphic buffers (MBs), MBs
are utilized in order to diminish, by orders of magnitude, the
density of threading dislocations.”" Tt is believed that not all
of the dislocations are prevented by the bulfer layers from
propagating toward the surface. Furthermore, it is surmised
that these dislocations induce a piezoelectric field. When
there is biaxial strain in the (1,1,0) plane, the piezoeclectric
field in the [100] direction is described by the equation,™
Ejjpy) = ﬁfﬂc”iaﬁiaq & We used the elastic stifirness
constants given by Ref. 23. For an assumed residual strain of
£ =0.001, the piezoelectric field calculated is 9kV/em. It
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FIG. 4. Reciprocal space maps around the (444) reflection of the GaAs layers. Also shown is the RSM around the (444) reflection of the n-GaSb substrate.
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FIG. 6. Phatoluminescence spectra {13 K) of the GaAs layers.

could be possible that the piczo-clectric ficld contributes to
the depletion width and may have further enhanced the THz
emission for both samples.

GaAs/n-GaSb films showed photoluminescence (PL) at
13K, as displayed in Fig. 6. Although both samples exhib-
ited GuaAs-related peaks at 8180 A, the PL intensity was
higher for sample 1. Moreover, the PL spectra of sample 11
showed a carbon-related transition at 8300 A. At present, the
PL results suggest that sample I has better crystalline quality
compared with Sample IL.

IV. CONCLUSION

In summary, GaAs thin films were successfully formed
on (100) n-GaSb by growth interruption during the initiation
of epitaxial growth. Metamorphic buffer layers such as
GaAs, InAs, AlAs/GaAs SL, and InAs/GaAs SL were used.
The GaAs layer grown on InAs and InAs/GaAs SL buffer
layers exhibited THz emission that is 75% of that of p-InAs.

J. Appl. Phys. 112, 123514 (2012)

FIG. 5. Plan-view and cross-sectional
electron micrographs of the samples.
The etch pits at the interface is observed
for all samples.

Our calculations show an enhanced depletion width due to
the surface Fermi pinning and the bandgap offset. RSMs
teveal that the layers are relaxed. SEM micrographs indicate
dislocations and residual strain at the interface which explain
the intense THz signal observed for both GaAs/n-GaSb
films. PL spectra show sample II with InAs buffer is possibly
more defective leading to enhanced THz emission. The
results suggest that GaAs/n-GaSb material could be a viable
alternative to bulk p-InAs.

ACKNOWLEDGMENTS

C. Sadia 1s grateful to the Commission on Higher Edu-
cation (CHED) for the Ph.D. scholarship provided through
the CHED-National Institute of Physics as a Center of Excel-
lence Program. This work was also supported by the Depart-
ment of Science and Technology-Philippine Council for
Industry and Energy Research and Development (DOST-
PCIERRD), DOST-Grants-In-Aid (GIA) program, and UP
System research grant.

'S. H. Huang, G. Balakrishnan, M. Mehta, A. Khoshakhlagh, L. R. Dawson,
and D. L. Huftaker, Appl. Phys. Lett. 90, 161902 (2007).

S, V. Ivanov, O. G. Lyublinskaya, A. A. Toropov, V. A. Solov’ev, A, N,
Semenov, Y. V. Terent’ev, B. Y. Meltser. A. A. Sitnikova, K. Thonke,
R. Sauer, and P. S. Kop'ev, ]. Cryst. Growth 275, e2321 (2005).

%], M. Kang. Suk-Ki Min, and A. Rocher, Appl. Phys, Lelt. 65. 23 (1994).

X. C. Zhang, B. B. Hu, J. T. Darrow, and D. H. Auston. Appl. Phys. Lett.
56, 1011 (1990).

“R. Asciizubi, C. Shneider, I. Wilke, R. Pino, and P. Dutta, Phys. Rev. B
72, 045328 (2005).
°P. Gu, M. Tani, §. Kono, K. Sakai, and X. C. Zang, J. Appl. Phys. 91,
5533 (2002).

N. Sarukura, H. Ohtake, S. Izumida, and Z. Liu, J. Appl. Phys. 84, 654
(1998).
®H. Takeuchi, J. Yanagisawa, T. Hasegawa, and M. Nakayama, Appl. Phys.
Lett. 93, 081916 (2008).

Downloaded 23 May 2013 to 133.7.7.240. This article Is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the tlerms at: hitp:ffjap.aip.org/about/rights_and_permissions

— 23



123514-5 Sadia et al.

E. Estacio, M. H. Pham, S, Takatori, M. Cadatal-Raduban, T. Nakazato,
T. Shimizu, N. Sarukura, A. Somintac, M. Defensor, F. C. B. Awitan,
R. B. Jaculbia, and A. Salvador, Appl. Phys. Lett. 94, 232104 (2009).

'"E. Estacio, S. Takatori, M. H. Pham, T. Yoshioka, T. Nakazato, M. Cada-
tal-Raduban, T. Shimizu, N. Sarukura, M. Hangyo, C. T. Que, M. Tani,
T. Edamura, M. Nakajima, J. V. Misa. R. Jaculbia, A. Somintac, and A.
Salvador, Appl. Phys. B: Lasers Opt. 103, 825 (2011).

L. J. G. Zazo. M. T. Montojo, J. L. Castano, and J. Pigueras, J. Electrochem.
Soc. 136, 1480 (1989).

PF. W. 0. Da Silva, M. Silga, C. Raisin, and L. Lassabatere, J. Vac. Sci.
Technol. B 8, 75 (1990).

3R, F. C. Farrow, Molecular Beam Epitaxy: Applications to Key Materials
(William Andrew, 1995).

T, I. Drummond, J. Klem. D. Arnold, R. Fischer, R. E. Thome, W. G.
Lyons, and H. Morkoc, Appl. Phys. Lett. 42, 615 (1983),

15y, L. Malevich, R. Adomavicius, and A. Krotkus, C. R. Phys. 9, 130 (2008).

J. Appl. Phys. 112, 123514 (2012)

1D, Koseoglue, H. H. Giillii, and H. Altan, J, Phys.: Conf. Ser, 193,
1 (2009).

s, L. Chuang, Physics of Optoelectronic Devices (John Wiley & Sons,
Inc., New York, 1995), pp. 54-58.

'""H. Ibach and H. Liith, Solid-Stare Physics (Springer, Heidelberg, 1995),
pp. 362-366.

Q. Zhu, A. Botchkarev, W. Kim, O. Aktas, A. Salvador, B. Sverdlov,
H. Morkoc, S.-C. Y. Tsen, and D. J. Smith, Appl. Phys. Lett. 68, 1141 (1996).

*B.D.C ullity, Elements of X-Ray Diffraction (Prentice Hall. Inc., New Jer-
sey, 2001).

*'M. Geddo, G. Guizzetti, M. Patrini, T. Ciabattoni, L. Seravalli, P. Frigeri,
and S. Franchi, Appl. Phys. Lett. 87, 263120 (2005).

N, W. Ashcroft and N. D. Mermin, Solid State Physics (W, B, Sounders
Company, 1976).

s, Adachi. Properties of Group-IV, HI-V, and II-VI Semiconducrors
(Wiley, 2005), Vol. 15.

Downloaded 23 May 2013 to 133.7.7.240. This article is copyrighted as indicated In the abstract. Reuse of AIP content is subject to the terms at: hitp:/jap.aip.org/about/rights_and_parmissions

— 233 —



