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1 Introduction

Gallium Arsenide on Silicon (GaAs on Si) is a
promising semiconductor thin film for terahertz
(THz) photoconductive antenna (PCA) emitters.
GaAs on Si has been shown to exhibit enhanced THz
emission relative to GaAs bulk wafers [1, 2]. The
enhancement is associated with the strain field at the
GaAs/Si interface. Fittingly, commercially available
PCA emitters utilize Si lens, which is mounted at the
substrate-side of the wafer to effectively collimate the
outgoing THz radiation. Since most semiconductor
substrates for THz PCA are GaAs-based, the refrac-
tive index mismatch between the GaAs substrate and
the Si lens can cause interference distortions in the
outgoing THz radiation pattern [3]. By utilizing Si as
the substrate for the THz PCA, there is a near-perfect
index matching with the Si lens. Thus, it is highly
desirable for a GaAs to be integrated with a Si sub-
strate for a more efficient and cost-effective THz PCA
emitter.

In over three decades, the challenges in the
heteroepitaxy of GaAs on Si by molecular beam epi-
taxy (MBE) with high crystal quality have been well
identified [4-9]. The difference in the lattice constant
and thermal expansion coefficient between GaAs and
Si result in threading dislocations, nucleation of
cracks, pinholes, and generally limit the thickness of
the GaAs epilayer [4-9]. Furthermore, GaAs being
polar and Si being nonpolar lead to antiphase
boundaries (APBs) [4-6, 8]. Several growth methods
have already been reported in order to achieve GaAs
on Si with high crystallinity such as two-step growth,
thermal cycle annealing, and Germanium interme-
diate buffer layer [5-12]. Nevertheless, high crys-
tallinity is not an exclusive requisite for intense THz
emission. Semiconductors with surface structures
have been shown to emit enhanced THz radiation
[13, 14]. Recently, GaAs microstructures on Si has
been shown to exhibit intense THz radiation in
comparison with semi-insulating (SI)-GaAs [14]. The
increase is attributed to the enhanced surface field in
the GaAs microstructures. Although previous works
have shown that both the surface [14] and interface
field [1, 2] play a significant role in the enhancement
of THz radiation in GaAs on Si, their growth
schematics are not intended for THz PCA device
fabrication. The device fabrication of PCA involves
the deposition of metal contacts on a relatively
smooth (specular) and thick (~ 2 um) semiconductor
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epilayer [3, 15, 16]. These particularities can be chal-
lenging with the deposition of GaAs on Si.

In this work, an n-type undoped Si (100) substrate
is used primarily because of the APBs dominantly
present in GaAs film grown on exact Si (100) sub-
strate [4, 5, 8, 11, 17]. A Si (100) surface has monoa-
tomic-height steps, which favor Ga-Ga and As-As
bonding upon deposition of GaAs [8]. Such bonds
form boundaries identified as APBs. Structural
defects such as the APBs in GaAs on Si (100) propa-
gating in the entirety of the GaAs epilayer may prove
advantageous in the emission of THz radiation by
increasing the surface field. Furthermore, Si substrate
has low absorption coefficient in the THz frequency
region [18-20].

Additionally, a two-layered, low-temperature-
grown (LTG)-GaAs buffer accompanied with subse-
quent in-situ thermal annealing are implemented. An
illustration of the growth method is shown in Fig. 1,
which is designed to address the issues with the
lattice mismatch and the thermal expansion coeffi-
cient difference between GaAs and Si, at the same
time, provide a simple approach in varying the APB
sizes. The method is a combination of the two-step
growth and the concept of utilizing an intermediate
layer that are conventional in GaAs on Si processes
[5-7, 9-12]. The process of growth initiation at low
temperature for the first buffer ensures nucleation to
cover the entire surface leading to Volmer-Weber
(island formation) growth mode. The subsequent
annealing processes and increase in the growth
temperature for the second buffer then promotes
layer-by-layer growth mode by hindering the further
nucleation process and increasing the coalescence of
islands [8]. An LTG-GaAs (Ts < 450 °C [21, 22]) is a
common material for the generation and detection of
THz radiation by wultrafast switching of PCA
[3, 15, 16]. The growth method is intended not to
deviate far from the standard LTG-GaAs on SI-GaAs
processes for direct comparison while establishing
a ~ 2 ym-GaAs epilayer without surface cracks,
pinholes and has minimized surface roughness. The
deposition of GaAs on Si is performed at different
substrate temperatures (T = 320 °C, 520 °C, 630 °C).
The THz emission intensity is compared with GaAs
deposited on SI-GaAs at T = 320 °C. There are two
optical excitation geometries used for the THz emis-
sion analysis of the samples. A THz time-domain
spectroscopy is performed in both reflection and
transmission excitation geometries [1, 23].
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(D) First LTG-GaAs buffer
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n-type Undoped Si(100) substrate
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n-type Undoped Si(100) substrate

(5) GaAs epitaxial growth

n-type Undoped Si(100) substrate

Fig. 1 Schematic of the growth method implemented for the
deposition of GaAs on n-type undoped Si (100) substrate

The work aims to establish a GaAs-based THz
emitter that is more effective in both reflection and
transmission THz excitation geometries through
integration with Si (100) substrate via a straightfor-
ward MBE growth method. The utilization of Si
substrates, with low THz absorption, will constitute a
more practical and cost-effective THz PCA device
with improved refractive index matching with a Si
lens mount. The grown GaAs on Si heterostructures
have shown reduced THz absorption losses, likewise,
exhibited increase in the THz emission in both exci-
tation geometries demonstrating THz enhancement
that is not solely dependent on high crystallinity, but
also on the optimal presence of structural defects.

2 Experimental details

The GaAs epilayers were deposited on Si and SI-
GaAs substrates using a Riber 32P MBE. For refer-
ence, the samples were labeled according to the
substrate type and the substrate temperature during
the GaAs active layer deposition. Samples 320Si,
5205i, 630Si were the GaAs grown on Si (100) sub-
strates at T = 320 °C, 520 °C, 630 °C, respectively,
while sample 320GaAs was the GaAs grown on SI-
GaAs (100) substrate at T, = 320 °C. The epiready Si
substrates (resistivity ~ 1.0 KQ.cm), which were
n-type undoped Si (100) from MTI Korea underwent
successive ionic clean, oxide strip, and another ionic
clean prior to MBE deposition. The ionic clean
involved the submersion of the Si substrate in an
HCI:H,0,: deionized H,O (3:3:5) solution for 2 min,
depositing a volatile chemical oxide to bury carbon
and other contaminants on the surface. The oxide
layer that formed, together with the buried contam-
inants, was then stripped by submerging the Si sub-
strate in an HF:deionized H,O (1:7) solution for
2 min. This oxide strip process was repeated three
times before another ionic clean was carried out. A
passivating layer was expected to be formed after the
final ionic clean. This layer was removed inside the
MBE growth chamber by heating the Si substrate at
Ts =700 °C for 10 min without any exposure to Ga
and As beams.

The growth schematic of the samples with the
nominal thickness of each layer are shown in Fig. 2.
The Ga and As used were both solid sources with the
latter being a high purity 7N5 As,. For the GaAs on Si
samples, the exposure of the Si substrate to As beam
commenced after T, was lowered from T, = 700 °C to
T, = 500 °C, forming an As prelayer. The As prelayer
accommodates the polar on non-polar issue of GaAs
on Si by the initial formation of islands [8]. When T,
was further lowered to 250 °C (320 °C) for the 320Si
(520Si and 630Si) sample, the Ga beam shutter was
switched on and off for 50 s before exposing the Si
substrate on simultaneous Ga and As beams. The
gradual introduction of Ga to the existing prelayer
improves the mobility of Ga atoms on the prelayer
[10]. Subsequently, the first LTG-GaAs buffer was
deposited at a growth rate of at least 0.2 pm/hr. The
low growth rate initiation allows for enough nucle-
ation covering the entire surface and leads to Volmer-
Weber (island formation) growth mode [8]. The T,
after closing the Ga beam shutter, was then raised to
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Fig. 2 Growth schematic of
the MBE-grown samples
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Ts =600 °C for a 10-min in-situ annealing. The
annealing process at high temperature without
impinging Ga results to a continuous LTG-GaAs by
improving the mobility of the Ga atoms on the sur-
face. This hinders further nucleation process as well
as increases coalescence of islands thereby sustaining
a layer-by-layer growth for the subsequent layers [8].
The first annealing was followed by a 1.0 um/hr
deposition of the second LTG-GaAs buffer at T = 320
°C (420 °C) for the 320Si (520Si and 630Si) sample.
The deposition of the second LTG-GaAs buffer in
sample 320Si was terminated only after reaching a
nominal 2 um thickness. The second LTG-GaAs buf-
fer was subsequently annealed at T; = 600 °C for
10 min, again with a closed Ga beam shutter to
improve the crystal quality of the buffer. After the
second annealing, a 2 pm-GaAs was deposited at
Ts =520 °C and T, = 630 °C for samples 520Si and
630Si, respectively, with a 1.0 pm/hr growth rate.
Finally, a silicon-doped GaAs (n-GaAs) cap was
deposited at T; = 630 °C for all three samples inten-
ded for future PCA device fabrication. For compar-
ison, sample 320GaAs was grown on an epiready SI-
GaAs substrate (resistivity ~ 10.0 MQ.cm). A con-
ventional GaAs buffer deposited at T, = 630 °C was
used followed by the deposition of an LTG-GaAs at
T, = 320 °C. The LTG-GaAs was annealed at T, = 600
°C for 10 min without exposure to the Ga beam. The
deposition was also terminated with an n-GaAs cap
grown at Ts = 630 °C. The layers for sample 320GaAs
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630Si

were completed with a 1.0 pm/hr growth rate. The
real-time growth progression of all the samples was
monitored from an in-situ reflection high energy
electron diffraction (RHEED), which was recorded
through a charge-coupled device (CCD). The CCD
was positioned directly in front of the RHEED
phosphor screen.

The crystal quality of the samples was obtained
using high resolution Shimadzu XRD-7000 X-ray
diffractometer. The X-ray source was from a 2.7 kW
broad focus Copper (Cu) tube with characteristic
wavelengths at 1.540562 A and 1.54439 A corre-
sponding to the Cu-Koy; and Cu-Ko, spectral lines,
respectively. The scan range was from 26 = 65° to
20 = 70° with step size of 0.01°. The measurement
time was set to 0.2 s. The Raman scattering of the
samples was also determined using a p-Raman
spectroscopy in a (100) backscattering geometry. A
514.5 nm Ar" laser source was used with the power
kept at 60 mW. The laser beam with spot size of
500 nm was focused onto the sample surface through
a 100 x magnification objective lens. The Raman
signal was fiber fed to a Synapse Si CCD detector,
which was connected to a Horiba Jobin Yvon iHr 550
imaging spectrometer. The spectrometer resolution
was set to < 0.5 cm ™.

The THz time-domain spectroscopy was per-
formed in reflection and transmission excitation
geometries [1, 23]. The excitation source was a
800 nm, p-polarized, mode-locked Ti:Sapphire



] Mater Sci: Mater Electron

pulsed laser. The pulse width was at 100 fs with
80 MHz repetition rate and with chopping frequency
set to 2 kHz. The laser source was split into pump
and probe beams incident onto the sample and
detector, respectively. There was a mechanical delay
stage for the pump beam. In the reflection (trans-
mission) geometry, the pump beam was incident on
the sample at 45° (60°)-angle relative to the sample
surface. The average pump (probe) power was at 120
mW (5 mW). The detector was a commercial LTG-
GaAs dipole PCA with Si lens.

3 Results and discussion

A representative RHEED progression during the
MBE growth of the GaAs on Si samples is shown in
Fig. 3. The passivating layer (oxide) removal has
resulted to an RHEED pattern with 2 x 2 recon-
struction, consistent with thermally cleaned Si (100)
substrate [24]. Upon deposition of the first LTG-GaAs
buffer, spotty features are observed indicative of an
island GaAs growth [24, 25]. The spots gradually
changed to streaks when T is raised for the first
annealing. Upon deposition of the second LTG-GaAs,
a streaky 1 x 1 RHEED pattern is observed, con-
forming with LTG-GaAs deposited on a GaAs sub-
strate [22, 26]. The second annealing has also resulted
to a streaky pattern. The RHEED then exhibited a
streaky 2 x 4 surface reconstruction during the GaAs
epitaxial growth, signifying a layer-by-layer GaAs
growth [9, 24, 27]. There is no observed amorphous
layer transition throughout the growth duration. The
two-layered, LTG-GaAs buffer with subsequent in-
situ thermal annealing proved effective in addressing
the lattice mismatch between the GaAs and Si.
Similarly, the growth method is suitable in
managing the thermal expansion coefficient differ-
ence between the GaAs and Si. There are no cracks
and pinholes on the surface of the GaAs on Si sam-
ples as shown in Fig. 4. The surface photographs of
the samples, shown in Fig. 4(a), are all specular
indicating macroscopically smooth surfaces. How-
ever, in contrast with the 320GaAs sample, there are
visible mosaic-like features on the top-view scanning
electron microscope (SEM) images of the GaAs on Si
samples as shown in Fig. 4(b). These features corre-
spond to the antiphase domains (APDs), which are
regions formed from APBs [28, 29]. The successful
elimination of APBs has been achieved for GaAs

(a) Oxide removal (b) 1st LTG-GaAs buffer

(c) 1st annealing (d) 2nd LTG-GaAs buffer

(e) 2nd annealing

(f) GaAs epitaxial growth

Fig. 3 Representative RHEED progression during the MBE
growth of the GaAs on Si samples

grown on misoriented Si (100) substrate [8, 11, 17, 30].
In this work, exactly oriented Si (100) substrates are
used, thus the expected appearance of APBs. The
average APD sizes for samples 320Si, 5205Si and 630Si
are approximately 0.8 pm? 2.1 pm? and 5.3 pm?,
respectively. The sizes are observed to increase with
increasing T, suggesting a reduction in the density of
APBs at higher T,. When GaAs is deposited at higher
T,, the migration length of the Ga and As atoms
becomes longer [31, 32]. This is more favorable for
Ga-As bonding, hence can reduce the Ga-Ga and As-
As bonds that form the APBs. The cross-sectional
view SEM images of the samples are shown in
Fig. 4(c). The GaAs/Si interface can be clearly seen
for the GaAs on Si samples while there is no interface
in the 320GaAs sample. There are also some observed
growth misorientations in the GaAs epilayer relative
to the Si (100) substrate surface for the GaAs on Si
samples. The resulting GaAs misorientation is
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Fig. 4 a Surface photographs
of the samples with the b top-
view and ¢ cross-sectional
view SEM images taken at

x 10,000 magnification. All
samples have specular
surfaces, reflecting the mesh
ceiling and fluorescent lamp of
the fumehood where the
surface photographs are taken.
The APDs and the GaAs/Si
interface are visible in the top-
view and cross-sectional view
SEM images, respectively, of
the GaAs on Si samples

SEI 10kV

SEI 10kV

associated with threading dislocations from either
twinning features or stacking faults most commonly
on (111) or (1-1-1) planes due to the lattice mismatch
[6, 7, 30]. Nevertheless, the dislocations are not
detrimental on account of the interface being free
from cracks and pinholes, and the desired GaAs
thickness has been achieved.

Shown in Fig. 5 are the normalized X-ray rocking
curves of the samples on (004)-reflection plane. The
Cu-Ko; and Cu-Ko, spectral lines from the X-ray
source are highly resolved in both the Si (004) and
GaAs (004) fundamental diffraction peaks. In con-
sideration thereof, Gaussian curves are fitted to
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distinguish the Si and GaAs peaks. The Si peak
position and its corresponding full width at half
maximum (FWHM) are determined to be similar for
the GaAs on Si samples. The Si peak position is at
69.236 £ 0.002° with FWHM of 0.460 £ 0.023°. Con-
versely, summarized in Table 1 are the parameters
obtained from the GaAs peak. From the peak posi-
tion, the calculated lattice constants perpendicular to
the (100) surface of both the Si and SI-GaAs sub-
strates collectively deviates by < 0.35% from the ideal
GaAs lattice constant of ay = 5.6533 A [33]. The small
deviation suggests that the GaAs epilayer tends to
relax towards a4, even for the GaAs on Si samples
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Fig. 5 Normalized X-ray diffraction of the samples on (004)-
reflection plane with the corresponding Gaussian fitted curves. The
two highly resolved peaks correspond to the Cu-Ko; and Cu-Ko,

Table 1 The GaAs (004)
parameters obtained from the

X-ray diffraction

proving the effectiveness of the implemented growth
method. Nevertheless, there is a difference in the
GaAs FWHM for the GaAs on Si samples. A

spectral lines of the X-ray source.

diffraction peaks

The

associated with the GaAs and the Si

70

shoulder peaks are
fundamental (004)

Sample GaAs (004)

Peak Position 20 (°) Lattice Constant (A) FWHM (°)
320GaAs 66.306 £ 0.005 5.6357 4+ 0.0001 0.527 £ 0.012
320Si 66.235 + 0.004 5.6410 + 0.0001 0.586 + 0.010
520Si 66.236 + 0.005 5.6409 + 0.0001 0.448 + 0.008
630Si 66.250 + 0.005 5.6398 + 0.0001 0.433 + 0.009

The values are from the calculated Gaussian curve fitting

decreasing trend in the GaAs FWHM is observed as
Ts is increased during the deposition of GaAs on Si
substrates, which indicates an improvement in the

@ Springer



crystal quality [5, 7]. This improvement is in agree-
ment with the increasing APD size (reduction in APB
density) observed from the top-view SEM images of
the GaAs on Si samples as T; is increased. The crys-
tallinity of the grown GaAs on Si samples as observed
in the SEM images and X-ray rocking curves is con-
sistent with the measured carrier mobility presented
in a previous work [34].

Shown in Fig. 6 are the Raman spectra of the
samples. Two peaks are resolved corresponding to
the longitudinal optical (LO) and transverse optical
(TO) phonons in GaAs. Summarized in Table 2 are
the LO-TO phonon parameters obtained from the
Raman spectra fitted with a Lorentzian curve. The
separation of the LO and TO phonon peaks for the
320GaAs sample is 25.38 & 0.59 cm™'. The GaAs on
Si samples are characterized by comparable LO-TO
peak separations as that of 320GaAs but with higher
TO/LO peak intensity ratio. The TO intensity relative
to the LO intensity is observed to increase with
increasing T,. The Raman shift on a (100) surface
acquired from backscattering geometry theoretically
forbids TO mode [35, 36]. The higher TO/LO peak
intensity ratio in the GaAs on Si samples relative to
320GaAs is attributed to some misorientation of the
GaAs growth relative to the Si (100) substrate surface
as seen from the cross-sectional view SEM images.
Subsequently, in backscattering geometry, both the

5208
LO

' 32080 ' 630Si

320GaAs
LO

-
o
T
1

|| Tof |
uJ\L

o
[$)]
T
1

Normalized Intensity (arb. unit)

W

0.0 - ——raw data 7| [T ——raw data | [[ ——raw data | [ ——raw data |
——TOfit —TOfit ——TOfit —TOfit
LO fit LO fit LO fit LO fit
R? = 0.99457 R? = 0.99602 R? = 0.99482 R? = 0.98967

| I | I I | | I —— | I E——

250 300 350 250 300 350 250 300 350 250 300 350
Raman Shift (cm™)

Fig. 6 Normalized Raman spectra of the samples with the
corresponding Lorenztian fitted curves. The two highly resolved
peaks correspond to the LO and TO phonon peaks in GaAs
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TO and LO phonon modes are observable for (111)
crystal surfaces [35, 37]. It can be inferred that the
GaAs misorientation by threading dislocations
propagating towards the surface are most likely to be
(111)-oriented and are highly probable if GaAs is
grown on Si at higher T;. On the other hand, there is
an apparent broadening in the LO phonon peak of
sample 630Si. The broadening of phonon peaks
manifest from crystal defects [37, 38]. Considering the
reduced APB density, the relatively sharp GaAs (004)
X-ray diffraction, and the plausible (111)-oriented
threading dislocations, the 630Si sample could have
exhibited a comparable LO phonon FWHM relative
to the other GaAs on Si samples. The same planar
and line defects are also present in samples 3205i and
520Si and are less favorable defect-wise. It can then
be surmised that there is an unintentional incorpo-
ration of point defects in 630Si within the penetration
depth (~ 124 nm) of the laser source that may have
caused the broadening [39]. This could also be the
reason behind the intensity decrease of the same LO
phonon peak. The validation on the possible point
defects incorporation, however, is beyond the scope
of this work.

The THz emission of the samples in reflection and
transmission excitation geometries are shown in
Figs. 7 and 8. The GaAs on Si samples grown at
higher T; emerge as promising THz emitters. Sum-
marized in Table 3 are the corresponding peak-to-
peak THz emission intensities. In reflection geometry,
320Si has exhibited a 34% reduction in the THz
emission intensity relative to 320GaAs. This is
attributed to the lower crystallinity of 320Si than
320GaAs as confirmed from X-ray diffraction. Sample
320Si is also observed to have the highest APB den-
sity from the SEM images. Interestingly, even with
the presence of APBs and threading dislocations,
sample 520Si has exhibited an 89% increase in the
THz emission intensity relative to 320GaAs while the
THz emission intensity of 6305i is comparable with
320GaAs. It can be inferred that the THz emission in
GaAs on Si samples is not completely limited by the
presence of APBs, threading dislocations and thus
crystallinity. Within the ~ 1 um penetration depth of
the 800 nm excitation source, the presence of struc-
tural defects in the GaAs epilayer is favorable in
increasing the surface electric field thus resulting in
an enhanced THz emission for GaAs on Si grown at
T, > 320 °C. Similar surface-field-induced THz
emission enhancement has been observed for GaAs
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Table 2 The LO-TO phonon

parameters obtained from the Sample LO-TO Peak Separation (cm™')  TO/LO Peak Intensity Ratio LO FWHM (cm™ )
R t
aman spectia 320GaAs 2538 + 0.59 0.093 8.49 + 0.09
320Si 23.63 + 0.32 0.164 11.58 £+ 0.10
520Si 2527 £ 0.15 0.209 9.32 £+ 0.09
630Si 23.51 £0.23 0.452 16.92 £ 0.25

The values are from the calculated Lorentzian curve fitting

Power (arb. unit)

THz Current (nA)

— 320GaAs
— = 320Si

10 20 30 40 50 60
Time Delay (ps)

Fig. 7 THz emission spectra of the samples in reflection
geometry. The inset shows the corresponding power spectra of
the THz waveforms

microstructures and As-rich GaAs [14, 16]. Never-
theless, the results suggest that there exists an opti-
mal T, at which the THz emission is most efficient for
GaAs on Si samples. It should be noted that for LTG-
GaAs on SI-GaAs, high photoexcited carrier mobility,
due to high crystallinity, and the presence of few As
clusters in the LTG-GaAs are two important factors
for intense THz generation [16]. In a previous study,
6305i has been shown to have higher carrier mobility
than 520Si attributed to the higher crystallinity of
630Si [34], which is consistent with the SEM images
and Xray diffraction results presented in this work.
Despite the lower crystal quality, 520Si exhibits a

higher THz emission indicating that the enhancement
is not solely dependent on carrier mobility but also
on the optimal presence of structural defects such as
the APBs.

In transmission geometry, there is a general
decrease in the THz emission intensity of the samples
than in reflection geometry due to absorption losses.
The transmission over reflection THz intensity ratios
of the samples are summarized in Table 3. The GaAs
on Si samples have higher intensity ratios than sam-
ple 320GaAs. These results show that GaAs grown on
a Si substrate have less absorption losses than GaAs
grown on an SI-GaAs substrate. Correspondingly, the
absorption coefficient below 2 THz of Si is less than
that of GaAs [19]. Therefore, it is desirable to use Si
substrates in THz transmission geometry despite the
absorption losses. With regards to the THz emission
intensity, the same trend is observed for the GaAs on
Si samples in transmission geometry. Sample 520Si
still exhibited the highest THz emission intensity
followed by 6305i and then 320Si.

Shown in the inset of Figs. 7 and 8 are the corre-
sponding power spectra of the THz waveforms. The
frequency bandwidth in reflection geometry of all the
samples is ~ 0.6 THz while it is ~ 0.4 THz in
transmission geometry. There is an apparent THz
absorption around the frequency range of 0.2-0.6
THz in the transmission geometry for all samples. For
320GaAs, this is expected since the GaAs substrate
(resistivity ~ 10.0 MQ.cm) has significant absorption
in 0.2-2.0 THz [19]. For the GaAs on Si samples, the
THz absorption is attributed to the low resistivity of

Table 3 Peak-to-peak THz

Peak-to-peak intensity (nA)

Trans/Ref
Intensity Ratio

Transmission (Trans)
Peak-to-Peak Intensity (nA)

emission intensities in Sample Reflection (Ref)
reflection and transmission
excitation geometries 320GaAs 0.907

320Si 0.603

520Si 1.718

630Si 0.903

0.382 0.421
0.318 0.527
1.361 0.792
0.685 0.759
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Fig. 8 THz emission spectra of the samples in transmission
geometry. The inset shows the corresponding power spectra of the
THz waveforms.

the Si substrate (resistivity ~ 1.0 KQ.cm) resulting to
the presence of carriers from residual impurities
[18-20]. At high resistivity (> 10.0 KQ.cm), Si sub-
strate generally is more transparent in the THz fre-
quency region [18-20].

4 Summary and conclusions

In this work, the THz emission of GaAs on Si thin
films exhibiting structural defects in the GaAs epi-
layer have been investigated in both reflection and
transmission THz time-domain excitation geometries.
The GaAs epilayers are grown by MBE on exactly
oriented Si (100) substrates at different growth tem-
peratures, T = 320 °C, 520 °C and 630 °C. The growth
schematic involves the deposition of two LTG-GaAs
buffers subsequently annealed at T, = 600 °C. The
epitaxial growth progression has been monitored by
RHEED, which confirms the layer-by-layer growth
mode of the GaAs on Si. The crystallinity of the thin
films has been shown to improve with increasing T
from X-ray diffraction analysis. Nevertheless, there
still are the presence of APBs and threading dislo-
cations as identified through SEM and Raman spec-
troscopy. The density of APBs decreases with
increasing T, while the threading dislocations with
(111) orientation becomes more probable at high Ts.

Accordingly, in reflection geometry, there is a 34%
reduction in the THz emission of the GaAs on Si
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sample grown at T, = 320 °C relative to its GaAs on
SI-GaAs counterpart. The low crystallinity of GaAs
on Si at T, = 320 °C makes it an inferior THz emitter.
However, at higher T;, GaAs on Si samples emerge as
promising THz emitters. The most intense THz
emission is observed in GaAs on Si grown at T = 520
°C. In transmission geometry, the GaAs on Si sample
is also more desirable than the GaAs on SI-GaAs
sample owing to the higher transparency of the Si
substrate in the THz frequency.

It can be concluded that even with structural
defects, GaAs on Si is a more effective material sys-
tem over LTG-GaAs homostructure in the generation
of THz radiation in both reflection and transmission
excitation geometries. An intense THz emission has
been observed despite the presence of APBs and
threading dislocations. Consequently, there exists an
optimal T for GaAs on Si where THz emission is
most intense. Results have shown that this T, does
not necessarily correspond to the GaAs on Si with the
highest crystallinity. By simply changing T, the
implemented growth method demonstrates an effec-
tive way to regulate the incorporation of structural
defects in GaAs on Si that is advantageous to the THz
emission enhancement in both excitation geometries.
However, an extensive analysis on the structural
defects that exist within the GaAs on Si thin films is
recommended to correlate the defect density with the
surface field-induced THz emission enhancement.
These findings are particularly important in the
growth design and fabrication of GaAs on Si material
system for THz photoconductive antenna emitter
devices.
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