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An in-depth understanding of the photoconductivity and photocarrier density at the interface is of great significance
for improving the performance of optoelectronic devices. However, extraction of the photoconductivity and photocarrier
density at the heterojunction interface remains elusive. Herein, we have obtained the photoconductivity and photocar-
rier density of 173 nm Sb,Se3/Si (type-I heterojunction) and 90 nm Sb,Se3/Si (type-1I heterojunction) utilizing terahertz
(THz) time-domain spectroscopy (THz-TDS) and a theoretical Drude model. Since type-I heterojunctions accelerate car-
rier recombination and type-II heterojunctions accelerate carrier separation, the photoconductivity and photocarrier den-
sity of the type-II heterojunction (21.8 x 10* S-m~!, 1.5 x 10" cm™3) are higher than those of the type-I heterojunction
(11.8 x 10* S'm~!, 0.8 x 10" cm™3). These results demonstrate that a type-II heterojunction is superior to a type-I het-
erojunction for THz wave modulation. This work highlights THz-TDS as an effective tool for studying photoconductivity
and photocarrier density at the heterojunction interface. In turn, the intriguing interfacial photoconductivity effect provides

a way to improve the THz wave modulation performance.

Keywords: photoconductivity, Sb,Ses/Si heterojunctions, THz-TDS, Drude model

PACS: 67.30.hp, 68.35.Fx, 79.60.Jv

1. Introduction

Nobel Prize laureate H. Kroemer once said ‘the interface
is the device’, since the interface controls the charge transfer,
the distribution of quasi-particles and so forth.!!?! Currently,
most studies of interfacial effects and applications usually con-
centrate on electrical conductivity at interfaces.®) However,
photovoltaic devices and optoelectronic devices are generally
utilized under light irradiation, which can be described by
the photoconductivity.[*l Hence, a deep comprehensive under-
standing of the photoconductivity at the interface is necessary
to improve the performance of optoelectronic devices. Semi-
conductor interfaces include three types of heterojunctions ac-
cording to semiconductor band alignment: ! type-1, straddling
gap; type-Il, staggered gap; type-III, broken gap. Transfer
and separation of electron—hole pairs between materials are
allowed to occur in type-I and type-II heterojunctions, while
these processes are hindered in type-III heterojunctions due to
the absence of overlapping band gaps. > Therefore, the study
of type-I and type-II heterojunctions currently occupies a key
position in the field of optoelectronics.

The photoconductivity can be reflected by the photocur-
rent density, but this method introduces surface impurities
and a parasitic effect on the measurement due to the exter-
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nal electrodes.!”-3! Terahertz (THz) time-domain spectroscopy
(THz-TDS) provides a non-contact, sensitive and direct mea-
surement of the carrier dynamics, refractive index, carrier con-
ductivity, carrier density and, especially, the interface photo-

[9-111 Since the photoconduc-

conductivity of semiconductors.
tivity of materials affects the transmission of THz waves, the
THz wave modulation performance is proportional to the pho-
toconductivity at the interface. As such, the photoconduc-
tivity of BiFeOs/Si is calculated to be 1.2 x 10* S:-m~! and
BiFe03/Si demonstrates a modulation depth of 91.13%.12!
Under 1 W-cm~? illumination, the photoconductivity and pho-
togenerated carrier density of TaS,/Si can reach 380 S-m™!
and 5.77 x 10?® cm™3, respectively.['*) However, the mech-
anism of the influence of type-I and type-II heterojunctions
on the photoconductivity and photocarrier density is still un-
known.

Antimony selenide (SbySes) possesses a wide adjustable
bandgap spanning the range 1.12 eV-1.98 eV,[!*13] allowing
for the formation of type-I and type-II heterojunctions with Si.
Sb,Ses is nontoxic and inexpensive,['%! and exhibits excellent
physical properties such as intrinsic p-type conductivity,!!”l a
high absorption coefficient (~ 10° cm~!),[!8] an excellent car-
rier density (~ 10" ecm™3)[1°1 and fast electron trapping.>]
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These characteristics make SbySe; a promising material for

[21-23 [24.25] particular,

use in solar cells ! and photodetectors.
Sb,Ses presents an intriguing interface photoresponse, such as
arise time of 86 us and a fall time of 96 us in type-II SbySes/Si

s.[251 However, it is still unclear of the interfa-

heterojunction
cial photoconductivity effect between the type-I and type-II
Sb2Se3/Si heterojunctions to the THz wave modulation.

Herein, we have prepared 173 nm Sb,Ses/Si (type-I het-
erojunction) and 90 nm Sb,Se3/Si (type-II heterojunction) and
investigated their photoconductivity and photocarrier density
via THz-TDS and the Drude model. For THz wave modu-
lation, 173 nm Sb,Se3/Si and 90 nm Sb,Se3/Si demonstrate
modulation depths of 49.4% and 62.0%, respectively. More-
over, the type-II heterojunction exhibits a higher photocon-
ductivity and photocarrier density at the interface than the
type-I heterojunction. This is because carrier separation is en-
hanced at the type-II heterojunction interface whereas carrier
recombination is enhanced at the type-I heterojunction inter-
face. This work proposes THz-TDS as an effective tool for
studying photoconductivity and provides a potential interfa-
cial engineering method to enhance the THz modulation per-
formance.

2. Results and discussion

We prepared the Sb,Ses/Si heterojunctions by the phys-
ical vapor deposition method. The bandgaps of the 173 nm
SbySe; and 90 nm Sb,Ses are 1.5 eV and 1.17 eV, respec-
tively. This finding was also reported by Mamta ef al.l'* and
Ghosh et al.,!'! indicating that the bandgap decreases as the

=)
o

=]
=]

thickness of SbySe; decreases. Detailed descriptions of the
sample characterization and experimental setup are given in
the supplementary material. Figure 1(a) shows the THz time-
domain transmission of the bare Si under continuous wave
(CW) laser excitation from 0 mW to 500 mW. It is obvi-
ous that the THz amplitudes decrease after passing through
the bare Si with increase in CW laser power. This is caused
by the change in photoconductivity of the Si under CW laser

[2627] which further increases the absorption and re-

excitation,
flection of the THz wave. The amplitude of THz transmis-
sion begins to saturate with CW laser power after exceeding
300 mW. Figures 1(b) and 1(c) present the THz wave transmis-
sion of 173 nm Sb;Se3/Si and 90 nm-Sb,Se3/Si under tunable
CW laser power. Both heterojunctions present obvious THz
wave modulation under CW laser excitation. On the contrary,
the THz wave transmission of the bare sapphire substrate and
the SbySes/sapphire are both invariable with increasing CW
laser power from 0 mW to 500 mW, indicating no effect on
THz amplitude modulation, as shown in Figs. S3(a) and S3(b).
These results suggest that the photocarriers are not generated
in the insulating sapphire substrate under 405 nm CW laser
excitation,?®! and the THz absorption of the SbySes film is
negligible. As for pure SbySes, photocarriers are generated
under above-band-gap (405 nm, 3.06 eV) CW excitation, but
the carrier lifetime in SbySes is very short (~ 35 ps), which
further results in negligible photoconductivity change in pure
Sb,Ses.1?°I Based on above analysis, the THz amplitude mod-
ulation is ascribed to the interface response of the SbySes/Si
heterojunctions.
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Fig. 1. THz time-domain transmission amplitude of (a) bare Si, (b) 173 nm Sb,Se3/Si, and (c) 90 nm Sb,Se3/Si with respect to CW laser power

ranging from 0 mW to 500 mW.

In order to further compare the modulation performance
of the bare Si, 173 nm Sb,Se3/Si and 90 nm Sb,Se3/Si, we
extracted the peak-to-valley values of the THz time-domain
amplitude to calculate the modulation depth of the THz wave
transmission. We define modulation depth as |Tpump — 1o ] /To,
where the Tpump and 7o are the THz transmission with and
without the CW optical pump, respectively. As can be seen
in Figs. 2(a) and 2(b), the peak-to-valley values and the mod-
ulation depths of the 173 nm Sb,Se3/Si and 90 nm Sb,Ses/Si
both show linear dependences on the CW pump power, while

the peak-to-valley value and the modulation depth of the bare
Si show a saturation dependence on the CW laser power and
saturate at 300 mW. For bare Si, this saturation is due to
the electrostatic field screening formed by the accumulation
of holes on the surface.33!1 According to the surface band
bending of bare Si shown in Fig. S4, under CW illumination
the electrons and holes are separated by a surface built-in elec-
tric field, then the electrons move into the Si and the holes
move towards the surface. This movement consequently en-
hances the photocarrier density and THz absorption. The bare

116701-2
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Si, 173 nm Sb,Se3/Si and 90 nm Sb,Ses/Si present modula-
tion depths of 49.3%, 49.4% and 62.0%, respectively. The
90 nm Sb,Ses3/Si heterojunction has a larger modulation depth
than bare Si. This can be explained by the transport of pho-
togenerated carriers at the SbySes/Si interface, which leads to
the enhanced modulation of THz amplitude in the Sb,Ses/Si
heterojunction. Since the SbySes layer will absorb the inci-
dent light when passing through Sb,Ses, the transmitted opti-
cal power at the Sb,Se3/Si interface is low and the small num-
ber of photocarriers are unable to form a large built-in inter-
facial field under a low excitation power. When the excitation
power increases to 500 mW, according to the Beer-Lambert
law, I = Iye~%! [where Iy, e, o and [ are intensity of laser
excitation, the natural index, absorption coefficient (~ 0.3 @
405 nm!*1) and sample thickness, respectively], the transmit-
ted optical power at the Sb,Ses/Si interface is calculated to be
as high as ~ 450 mW. Hence, a large built-in electric field can
be formed at the interface, which accelerates the separation of
photocarriers and prolongs the photocarrier lifetime, resulting
in a significant enhancement of THz modulation.
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Fig. 2. Transmitted THz time-domain amplitudes of (a) peak-to-valley
value and (b) modulation depth of bare Si (purple), 173 nm Sb,Ses/Si
(green), and 90 nm Sb,Se3/Si (orange) with CW laser power ranging
from 0 mW to 500 mW. Band alignment of (c) 173 nm Sb,Se3/Si and
(d) 90 nm Sb,Se3/Si under CW light illumination.

Based on the above analysis, the THz amplitude modu-
lation is ascribed to the interface response of the SbySes/Si
heterojunctions according to their band alignments, as we will
now discuss. Based on the bandgap of SbySes with differ-
ent thicknesses (Figs. S2(b) and S2(d)), 173 nm Sb,Se3/Si
and 90 nm Sb,Se3/Si form type-I and type-II heterojunc-
tions, respectively.l'*13] As shown in Fig. 2(c), for 173 nm
Sb,Ses/Si, the electrons and holes would both transport to the
Si due to the band alignment of the type-I heterojunction.!!)
On the one hand, the simultaneous transfer of electrons and
holes to Si will enhance the recombination of photocarriers
and reduce the concentration of photogenerated carriers. 3!
This property presents promising potential in light-emitting
devices.!!! On the other hand, the photoconductivity of Si is

13,34]

described as! 6 = e (nelle +nplty ), where the ny, (n) and

Un (Ue) represent the carrier density and mobility of holes
(electrons), respectively. Since Si is an n-type semiconduc-
tor, its photoconductivity is mainly determined by the elec-
trons. For 173 nm Sb,Ses/Si, the mobility of the photocar-
rier in Si (1400 cm?-V~!.S71) is larger than that in Sb;Se;3
(14.2 cm?-V~1.871) 133 and the effect of Sb,Ses on the pho-
toconductivity of the SbySes/Si heterojunction is negligible.
This is the reason why the THz wave modulation depth of
173 nm Sb,Se3/Si is comparable to that of bare Si under
500 mW excitation. For 90 nm Sb,Se3/Si, due to the band
alignment of the type-II heterojunction,[!! the electrons would
transport to the Si and the holes would transport to the Sb,Ses.
This consequently forms a large internal electric field (Eq4) at
the 90 nm Sb,Ses3/Si interface, which reduces the recombi-
nation of photogenerated carriers, thereby prolonging the car-
rier lifetime and increasing the carrier concentration. Hence,
90 nm Sb,Se3/Si has a greater modulation depth than bare Si
and 173 nm Sb,Ses/Si.

To further comprehend the surface and interface effect
of bare Si, 173 nm Sb,Se3/Si and 90 nm Sb,Se3/Si, we
have extracted the THz transmission in the frequency do-
main. The frequency-domain transmission is defined as!3¢!
T (0)] = |Es(0) /E: (0)|, where Es(®) and E;(w) repre-
sent the Fourier transformed THz amplitude through the sam-
ple and air, respectively. As shown in Fig. 3, with increasing
CW power, the THz frequency-domain transmission decreases
significantly after passing through (a) bare Si, (b) 173 nm
SbySe3/Si and (c) 90 nm SbySe3/Si. This result is consistent
with the modulation depth in Fig. 2(b), where the lower trans-
mission represents a higher modulation depth.[**! Based on
the THz frequency-domain transmission (as shown in Fig. 3),
the real part of the photoconductivity®”! (&(®)) is extracted
by |T ()| ~ [1/(1+Zyd&(®)/(1+ny))|, where ny is the re-
fractive index of the Si substrate (ny = 3.42), Z; is the free
space impedance (Zy = 377 Q) and d is the thickness of the
photoconductive layer of the Si (d ~ 0.67 um).*8) As shown
in Figs. 4(a)—4(c), the photoconductivity of (a) bare Si, (b)
173 nm Sb,Se3/Si and (c) 90 nm Sb,Ses/Si increases signif-
icantly with increase in the CW power. Take the photocon-
ductivity at 1.8 THz, for instance: the photoconductivity of
173 nm Sb,Ses/Si (11.8 x 10* S:\m™!) is ~ 1.1 times larger
than that of bare Si (9.9 x 10* S-m~1), while the photoconduc-
tivity of 90 nm Sb,Ses/Si (21.8 x 10* S-m~!) is ~ 2.2 times
larger than that of bare Si under 500 mW excitation (see the
detailed comparison in Fig. S6(a)).

Since the plasmon model®®! and quantum plasmon
model ! are suitable for micro/nanostructural materials with
sizes smaller than the THz wavelength the damped harmonic
oscillator and scattering rates should be considered. How-
ever, the size of continuous multilayer SbySes films is larger
than the THz wavelength, which makes the samples similar to

116701-3
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bulk materials (e.g., bulk Si). The photoconductivity of bulk
Si (above 0.4 THz) is also consistent with the Drude model.
Thus, herein, we have utilized the Drude model to describe
the photoconductivity as!'? & (@) = (ya7) / (7 (0*+7%)).
where @, = /Ne?/(gm) is the plasma frequency (N, e, &
and m represent the photocarrier density, electronic charge,
free-space permittivity and carrier effective mass, respec-
tively) and 7y is the damping coefficient. Hence, the photocar-
rier density is described as N = 0 (@) (0? +¥*) gymm/(ye?).
Based on the Drude model and Figs. 4(a)-4(c), the extracted
photocarrier densities of bare Si, 173 nm Sb,Ses/Si, and 90 nm
Sb,Ses/Si increase significantly with increasing CW power, as
shown in Figs. 4(d)—4(f). Herein, the photoconductivity and
photocarrier density are directly correlated, thus THz wave ab-

sorption will be enhanced under a high photocarrier density,
resulting in a high modulation depth. According to the val-
ues at 1.8 THz, the photocarrier density of 173 nm Sb,Se3/Si
(0.8 x 10" em™3) is ~ 1.1 times larger than that of bare Si
(0.7 x 10! cm—3), while the photocarrier density of 90 nm
Sb,Ses/Si (1.5 x 10! cm™3) is about twice that of bare Si un-
der 500 mW excitation (see detailed comparison in Fig. S6(b)).
These results demonstrate that a type-II heterojunction is bet-
ter than a type-I heterojunction for THz modulation perfor-
mance. The recombination between electrons and holes causes
a slight change in photoconductivity for the type-I Sb,Ses/Si
heterojunction, while the separation of electrons and holes
leads to a great change in photoconductivity for the type-II
Sb,Ses/Si heterojunction. !
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0 mW to 500 mW.
30 30 30
3 B Si a 3 173 -Sb,Se;3/Si b Y —O0mW_—100 mW (c
> are St (2) N nm-Sb,Sey/Si (b) N 000w 300 mw (©)
& 24 0mW  — 100 mW & 24 —0mW_  —100 mW £ 24r —400 mW — 500 mW
2~ —200 mW — 300 mW | .z —200 mW —300mW | &
+ o R + —_ m —_ m -
SE 18 400 mW =500 mW 15 2 18t S E 18t 90 nm-ShySe,/Si
=2 =2 T o
[
Svo 12% 83 L SE 12r
32 —————— 3 32
- - - -
S 6F S 6F 3 6r
[al [aW n, .
o ol ob
1.3 14 15 16 1.7 1.8 1.3 14 15 16 1.7 1.8 1.3 14 15 16 1.7 1.8
Frequency (THz) Frequency (THz) Frequency (THz)
2.0 2.0 2.0
> B Si d > 173 -SbySe;/Si —O0mW___ —100 mW (f
2 are =1 @] z nm-Sb,Se;/Si © & o mw 300 mw D
2 15 —0mwW _ —100 mW g 15l —0mW_—100 mW g 5l —400 mW —500 mW
o~ —200 mW 300 mW O~ —200 mW 300 mW O~
o — 400 mW — 500 mW el — 400 mW — 500 mW o
! 3 g 5 g 90 nm-Sb,Se;/Si
£ 5 1.0 ‘£ S 1.0} = 8 1.0f
a2 S8 | &= /
SN ) B —— QO QHO
Q — Q —~ o —
s~ 05— | 8§70 5—m——— | 5 —0.5¢
R I—— = -
[ a9 ————————— r——
1
o o e
1.3 14 15 1.6 1.7 1.8 1.3 14 15 1.6 1.7 1.8 1.3 14 15 16 1.7 1.8

Frequency (THz)

Frequency (THz)

Frequency (THz)

Fig. 4. Photoconductivity and photocarrier density of [(a) and (d)] bare Si, [(b) and (e)] 173 nm Sb,Ses3/Si, and [(c) and (f)] 90 nm Sb,Ses/Si

with different CW laser powers.

3. Conclusion

In summary, we have prepared 173 nm Sb,Ses/Si (type-
I) and 90 nm Sb;Ses/Si (type-1I) heterojunctions based on the
thickness-dependent-bandgap properties of SbySes. Concern-
ing their THz modulation performance, the modulation depths

of bare Si, 173 nm Sb,Se3/Si and 90 nm Sb,Se3/Si are 49.3%,
49.4% and 62.0%, respectively. The photocarrier density of
90 nm SbySes/Si (1.5 x 10" cm™3) is about twice that of
bare Si, while the photocarrier density of 173 nm Sb,Ses/Si
(0.8 x 101 cm™3) is ~ 1.1 times higher than that of bare Si
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(0.7 x 1012 cm™3). These results are ascribed to the interfa-
cial photoconductivity effect, since the type-I heterojunction
accelerates carrier recombination and the type-II heterojunc-
tion accelerates carrier separation. Our work deepens our un-
derstanding of interface physics that is beneficial for improv-
ing the photoelectronic response at the interface of photoelec-
tronic devices, such as solar cells and photodetectors. We have
also unveiled the interfacial photoconductivity effect, includ-
ing the photocarrier lifetime, the separation of electrons and
holes and the interfacial electric field, which could provide the
physical basis for highly effective THz modulators.
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