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Aberrant photoelectric effect in the topological
insulator/n-GaN heterojunction (Bi,Tez/n-GaN)
under unpolarized illuminationf
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A topological insulator has a unique graphene-like Dirac cone conducting surface state, which is excellent
for broadband absorption and photodetector applications. Experimental investigations on the BiTes/
n-GaN heterojunction exhibited an aberrant photoelectric effect under the influence of unpolarized light.
Transport measurements of the Bi,Tes/n-GaN heterojunction revealed a negative photoconductance,
with a sudden increase in resistance. This was consistent with the applied range of wavelength and power
used for incident light while it was contrary to the usual gap-state transition model, which states that a
negative conductance is due to the trapping of charge carriers. The observed aberrant photoelectric
effect seen in Bi;Tes/n-GaN heterojunction devices was due to the polycrystalline nature of the Bi,Tes
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topological insulator film, where the incident photon-induced bandgap in the Dirac cone surface state
resulted in a negative photoelectric effect. This phenomenon opens the possibility for applications in
highly sensitive photodetectors and non-volatile memories, along with employing the bandgap-opening

rsc.li/nanoscale concept in retinomorphic devices.
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1. Introduction

Gallium nitride (GaN) as a semiconductor (SC) compound has
been extensively used in electronics and optoelectronic appli-
cations.” It is the wide and direct bandgap SC that is mostly
employed in ultraviolet (UV) detectors.>* Its bandgap tunabil-
ity from the infrared (0.8) to the ultraviolet (6.1 eV) makes this
material fascinating for researchers.”® Devices involving
different quantum confinement levels are also being realized
with GaN, such as single-photon emitters and other nanopho-
tonic devices.””® However, GaN-based photodetectors have
limitations due to the defects and low conductivity of the
material. Considering the low charge carrier mobility and the
short carrier lifetime, the photosensitive area of the GaN
photodiode is restricted to ~0.1 mm? which makes it less
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effective.” " The search for a more effective GaN-based photo-

diode for overcoming these limitations is thus imperative. The
major efforts at this are aimed toward creating more efficient
and multifunctional devices by growing another material on
GaN.">"* Ferromagnetic doping and the growth of other func-
tional materials have also been realized with GaN'* to work in
this direction. Topological insulators (TIs) are a fascinating
class of materials due to their exotic gapless surface states and
bulk bandgap. Their surface states make them unique
materials,"> which are well protected from backscattering.
Bismuth telluride (Bi,Te;), bismuth selenide (Bi,Ses), and anti-
mony telluride (Sb,Se;) are some well-known three-dimen-
sional (3D) TI materials, possessing a single Dirac cone on
their surfaces."® High-quality Bi,Se;, Bi,Te;, and Sb,Te; TI
films have been fabricated by employing various methods, e.g.
physical vapour deposition (PVD) and chemical vapour depo-
sition (CVD) techniques on sapphire,'® SrTiO;,"” Si,’® and
GaN"® substrates. These differently grown TI film hetero-
structures with their unique properties find applications in
spintronic devices, quantum computing, ultrafast transistors,
and low-power electronic devices. Recent work in TIs is being
focused on their optical study with the excellent response of
their surface states to light. An enhanced performance with
broadband photodetection from the infrared to the terahertz>°
has been observed in TIs due to their Dirac surface states. The

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0000-0002-2683-2230
http://orcid.org/0000-0003-1617-3232
https://doi.org/10.1039/d3nr03360k
https://doi.org/10.1039/d3nr03360k
https://doi.org/10.1039/d3nr03360k
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr03360k&domain=pdf&date_stamp=2023-12-25
https://doi.org/10.1039/d3nr03360k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016002

Published on 05 2023. Downloaded on 08-01-2026 12:31:02.

Nanoscale

warping effect-induced optical absorption and the enhanced
signal-to-noise ratio (SNR) in TIs makes them analogous to
graphene in photodetector applications.>* Bi,Te; is one of the
interesting topological insulators** as a narrow bandgap (0.17
eV)** semiconductor, and an excellent thermoelectric material
at room temperature.”* Further, the polycrystalline Bi,Te; TI
film has recently been observed with multifunctional pro-
perties that are interesting for photodetection.?” However, the
Bi,Tes;/n-GaN heterojunction has also been recognized as a
good photovoltaic for mid-infrared detectors*® and its charge
carrier dynamics is favourable for optoelectronics device appli-
cations.”” Therefore, Bi,Te; and GaN seem to be appealing
choices of materials for realizing heterojunctions for photo-
detector applications.

We grew multiple Bi,Te;/n-GaN heterojunctions, with a
polycrystalline TI thin film on a GaN template (on sapphire).
We observed an aberrant photoelectric effect in our hetero-
junction devices under illumination with unpolarized light.
This unconventional effect, involving the negative photocon-
ductance (NPC) phenomenon,*®?° resulted in a reduction of
the conductivity. Our results are contrary to the usual positive
photoconductance (PPC) effect, where the conductivity
increases with illumination. This NPC effect has been detected
earlier in bulk semiconductors®®?*® and in low-dimensional
structures.’®>* However, defying all the previous explanations
regarding NPC, the present aberrant effect in our heterojunc-
tion was due to the Dirac bandgap opening at the surface of
the Bi,Te; TI film. Further, this aberrant effect was found to be
consistent for a range of optical wavelengths and powers of
the incident unpolarized light. This study provides an impor-
tant insight into the optical and transport study of TI-based
heterojunctions  for  highly  sensitive = photodetector
applications.>*?®

2. Experimental details

An n-GaN template (thickness: 3.5 pm) on c-plane sapphire
(thickness: 0.333 mm) was used as a substrate to make Bi,Tes/
n-GaN heterojunctions. The carrier concentration in the n-GaN
template was 1.9 x 10'® cm™. The substrate was prior ultra-
sonically cleaned with acetone, isopropanol, and de-ionized
(DI) water for 10 min. A solution of HCI: H,0, in the ratio of
1:2 was used to remove the constitutional oxides from the
substrate followed by dipping in DI water and further drying
by nitrogen gas (N,) purging. For synthesizing the Bi,Te,/
n-GaN heterojunction, a thin TI film of Bi,Te; was grown on
top of the substrate with the n-GaN film applied by a thermal
coating (Scientific & Analytical Instruments) technique under a
high vacuum (base pressure of 107° Torr). A powdered precur-
sor of Bi,Te; material with a purity of 99.98% (on a metal
basis) was used to grow the film and to realize the Bi,Tes/
n-GaN heterojunction. The Bi,Te; film was grown on half the
n-GaN film substrate by using aluminium (Al) foil masking.®
A square molybdenum (Mo) boat was used to melt the precur-
sor (powdered Bi,Te;) with the deposition parameters of
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current ~60 A, time = 1 h. The crystalline phases of the TI film
on the n-GaN substrate were studied using X-ray diffraction
(XRD). Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) (Agilent Technologies, Model: 5500) were
employed for studying the microstructure and morphology of
the TI film grown on the GaN substrate. Raman spectroscopy
was done to study the active modes of the TI film. Pump-
probe spectroscopy was used to probe the transient dynamics
of the charge carriers of the Bi,Te; TI film grown on the n-GaN
substrates. A titanium (Ti):sapphire laser amplifier with the
specifications of 35 fs, 4 mJ per pulse,1 kHz, 800 nm, was used
with a 410 nm pump wavelength and the probe was varied
from the visible (VB) to near-infrared (NIR) range
(400-1600 nm) at 7 fs time delay with the pump. The pump
power was kept low at 35 pW to make it non-destructive. The
p-type of charge carriers in the Bi,Te; TI film was identified
using Hall measurements (8400 series, Lake Shore
CRYOTRONICS) by the four-probe van der Paw method.*” The
thickness of the grown Bi,Te; film was regulated by the inbuilt
quartz crystal monitor in the coating unit, and confirmed by
the ellipsometer (J. A. Wollam co. Inc.) to be ~150 nm. A
metallic shadow mask with the cavity dimensions: diameters
~300 pm and inter distance of ~600 pm was used to make
contact (thickness: 150 nm) across the Bi,Te;/n-GaN hetero-
junction. Aluminium (Al) metallic wire (purity 99.999%) was
used for making the contact by thermal coating under high
vacuum (10~° Torr) conditions. The closest contact across the
Bi,Te;/n-GaN heterojunction was used as two probes for the
electrical characterization (Keithley 4200SCS). A tuneable light
source (NewPort TLS 300XU) was used to illuminate the
measurement area with different wavelengths of light. A
SemiProbe probing station was used for all the electrical I-V,
C-V, and C-f, and optical characterizations through two model
4225 RPM/SMU amplifiers. The detailed flow diagram describ-
ing the fabrication of the Bi,Te;/n-GaN heterojunction device
is shown in ESI Fig. S1.f A schematic of the Bi,Te;/n-GaN
heterostructure device is shown in Fig. 1a.

3. Results and discussion

3.1 Material and microstructural study of the Bi,Te; TI film
grown on n-GaN

The detailed microstructural study of the Bi,Te; TI film grown
on n-GaN was done by XRD and SEM. The morphology and
the vibration modes were studied using AFM and Raman spec-
troscopy. The material study of the Bi,Te; TI film is discussed
with the results provided in the ESI (refer to Fig. S2 and S3 in
the ESIY).

3.2 Electrical transport study

3.2.1 I-V characteristics for the Bi,Te;/n-GaN heterojunc-
tion. The ohmic contact is imperative in a heterojunction to
examine its legitimate behaviour. A large voltage drop at the
metal-semiconductor interface limits the performance of the
devices.*® For the optimum performance of the commercially

Nanoscale, 2024, 16, 604-613 | 605


https://doi.org/10.1039/d3nr03360k

Published on 05 2023. Downloaded on 08-01-2026 12:31:02.

Paper

300 ym
| 1150 nl’

Al-contact

View Article Online

Nanoscale

P=1.96 W
Bi,Te,/GaN

= under dark

Log (1)

-6 |—350nm
10 =———450nm
———550nm
-7 |=——650nm
1075 ~——750nm
. = 850nm
107 y—-350mm 48464442-40-38-36]
V (V)
10-9 T T T
2 0 2 4

V (Volts)

Fig. 1 (a) Schematic of the device structure of Bi,Tez/n-GaN/S. (b) Plot of the semi-log (/-V) characteristics for the BiTez/n-GaN heterojunction
device under dark and illumination conditions when the wavelength of the irradiating wavelength of the light was varied from 350 nm to 950 nm at
a constant incident light power of 1.96 uW; inset shows the reverse saturation current in the reverse bias (V) = -4.8 Vto —-3.6 V.

available GaN-based devices, a large emphasis was given to the
ohmic contacts. For the n-GaN template, the most suitable
method for ohmic contact was to use a metal with a lower
work function (W). Al with the work function W, = 4.28 eV (ref.
39) is usually preferred with n-GaN, and we thus employed it
in our Bi,Te;/n-GaN heterojunction. The ohmic contact was
validated, by the I-V results of the Al/n-GaN junction, as
measured through the Al metal contacts (refer to the ESI
Fig. S4bt). The Bi,Te; TI film, due to its narrow band gap (B, =
0.17 eV),”® formed a low resistance ohmic contact with Al.*°
The ohmic contact was also ascertained for the Al/Bi,Te; junc-
tion, by I-V measurements, through the contact on the Bi,Te;
TI film (refer to ESI Fig. S4at). We annealed the devices Bi,Te;/
n-GaN after the contact deposition in the range of 200-300 °C
for 1-2 h to ensure the ohmic contacts. Fig. S4a (refer to the
ESIt) shows the results in both the positive and negative
biases in opposite quadrants, which confirmed the ohmic
behaviour and excluded the depletion layer affect. The contact
was deposited symmetrically across the junction through the
shadow mask to grow it identically. The measurement circuitry
for the Bi,Te;/n-GaN heterojunction device is shown in Fig. 1a.
The I-V results of the Bi,Te;/n-GaN heterojunction under dark
conditions affirmed the rectifying nature of the device, con-
firming its non-ohmic nature. The I-V characteristics of the
Bi,Tes;/n-GaN heterojunction was analyzed by the standard
thermionic emission (TE) theory for the device, according to
which the current (I) can be expressed as:

I=1I {exp (%) - 1} (1)

where Iy is the saturation current, Ry is the series resistance, V
is the operating voltage, g is the electronic charge, n is the ide-
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ality factor, and k is the Boltzmann constant. The saturation
current (Ig) here is given as:

Ir = AAXT? exp (%) (2)

From eqn (S2) (refer to the ESIT) and by taking the slope of
the semi-log (I-V) characteristics (Fig. S5 in the ESI}) at the sat-
uration voltage, we get the ideality factor as n =~ 3.88. The
device area was 0.0049 cm? while A* is the effective
Richardson constant for n-GaN, which is 26.4 A cm™ K™2,*
and ¢y, is the barrier height. The barrier height calculated
from the by I-V method using eqn (2) was thus determined to
be 0.542 eV.

3.2.2 Photoresponse of the Bi,Te;/n-GaN heterojunction.
The Bi,Te;/n-GaN heterojunction behaviour was also studied
under illumination. The optoelectrical study of the device was
done by irradiating it with a TLS-300XU xenon light source,
within the power level range of the instrument (1.5-3.78 pW).
Because of the different bandgaps of n-GaN (3.4 eV)** and
Bi,Te; (0.17 €V),” the irradiating wavelength (1) of the light
was varied from 350 to 950 nm to observe the behavioural
trend of the Bi,Tes;/n-GaN heterojunction device. The intrusion
of the thermoelectric potential was quite a possibility in our
device, considering the fact that Bi,Te; is an exceptional ther-
moelectric  material with a considerable Seebeck
coefficient.**** Therefore, to nullify this unwanted thermoelec-
tric potential, zero voltage was ensured between the electrodes
by adjusting the spot of light without operating voltage. The I-
V results of the Bi,Te;/n-GaN heterojunction showed an aber-
rant photoelectric effect with an increase in resistance in
forward bias under illumination (Fig. 1b). The usual photo-
electric effect in a semiconductor when stroked with an inci-
dent photon energy higher than its bandgap results in absorp-
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tion of the photon, prompting the generation of electron-hole
pairs with the increase in charge carrier concentration. This
increase in carrier concentration increases the electrical con-
ductivity with a reduction in the resistance of a semiconductor
material. However, contrary to the established photoelectric
theory, our heterojunction showed a converse behaviour under
the illumination. The I-V characteristics for the Bi,Te;/n-GaN
heterojunction showed an increase in resistance in forward
biasing, under illumination with unpolarized light, compared
to with the dark measurement. The reverse bias current did
not change significantly but, in forward bias there was an
apparent reduction in the current when the junction was illu-
minated. This behaviour of the heterojunction is contrary to
the conventional photoelectric effect where the resistance gen-
erally decreases. This aberrant behaviour was consistent for
the incident light power range (1.96-3.78 uW) and wavelength
range (350-950 nm) (Fig. 1b) of the unpolarized light within
the instrument limit (refer to Fig. S4 in the ESIY). This type of
anomaly has been seen recently in materials having a surface
Dirac cone, such as graphene® and TI films, due to the
opening of the bandgap under illumination.*® Theoretically,
the opening of the bandgap for TIs has been illustrated under
illumination with polarized light.*>*”*® This theoretical pre-
diction was also validated by time- and angle-resolved photo-
emission spectroscopy (ARPES) of the Bi,Se; TI thin film
surface.*® However, we still have to go deep into the analysis of
the results of the Bi,Te;/n-GaN heterojunction to comprehend
the reason for this aberrant electrical behaviour.

The contour of the photon energy of the incident light (E)
was plotted against the electric current (I) at different driving
voltages in Fig. 2a. The photon energy of incident light was cal-
culated using eqn (3) as:

E=~ 3)
where £ is Planck’s constant (6.6 x 107>* J s71), c is the velocity
of light (3.00 x 108 m s™*), and 4 is the wavelength of light inci-
dent on the heterojunction. Energy in quantum physics is
expressed in electron volts (1 eV = 1.6 x 107'° J). Therefore, eqn
(3) can be written as E (eV) = 1.24 x 10/ (nm), where the wave-
length 4 is expressed in nm. The current-energy (I-E) contour
plot for the Bi,Tes;/n-GaN heterojunction power versus the bias
voltage (V) at 1.96 uW incident light is shown in Fig. 2a. The
(I-E) contour plot showed a gradual reduction in current as we
moved towards higher wavelength. As we moved towards
higher energy (E > 3.4 eV), there was a small increase in
current (Fig. 2a), which was more evident at a higher bias
voltage (V). This increase in current was due to the absorption
of the light energy by the n-GaN as the bandgap of n-GaN ~3.4
eV.”? The absorption of light energy greater than the bandgap
of n-GaN of 3.4 eV resulted in an increase in charge carriers
and a reduction in resistance (Fig. 2a). It was observed from
the (I-E) contour plot that the aberrant photoelectric effect was
apparently due to the increase in resistance and was more pre-
dominant at higher wavelength (Fig. 2a). The absorption at
higher wavelength was primarily due to the absorption in the
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polycrystalline TI film of Bi,Te; as the bandgap of Bi,Te; was
approximately is 0.17 eV.>® Therefore, from the contour plot
(Fig. 2a), it could be substantially concluded that the aberrant
photoelectric effect in the Bi,Te;/n-GaN heterojunction upon
illumination (Fig. 1b) was due to the polycrystalline Bi,Te; TI
film. Moreover, an exclusive study on the polycrystalline Bi,Te;
TI film was done by studying the I-V results of the Bi,Te; film
using an Al ohmic contact (refer to Fig. S5 and S6 in the ESIf).
The same aberrant effect was also visible with the Bi,Te; TI
film at higher wavelengths, which further supported our argu-
ment. This aberrant effect under illumination in the polycrys-
talline Bi,Te; TI film (refer to Fig. S6 in the ESIT) resulted in
an overall negative photoconductance (NPC) in the Bi,Te;/
n-GaN heterojunction.

It was imperative to inquire about how this aberrant behav-
iour would affect the performance parameters of Bi,Te;/n-GaN
heterojunction devices. Therefore, the responsivity (R) and
detectivity (D) were calculated using eqn (4) and (5):

I
R= ()
mn
AV2R
D=5 ®)

where, I, is the photon-current (illuminated current-dark
current) of the n-GaN/Bi,Te; heterojunction, Py, is the power
density of the incident light, A is the area of the device (A4 =
0.0049 cmz), 14 is the electric current under dark conditions at
+3V, and ¢ is the electrical charge. The calculated responsivity
(R) from eqn (4) was plotted in contour form versus the inci-
dent light energy (E) and the bias voltage (V) for the Bi,Te;/
n-GaN heterojunction at a constant 1.96 pW incident power
(Fig. 2b). Fig. 2b shows the increase in the value of responsivity
(R) with the bias voltage (V). However, its value was found to be
negative due to the increase in resistance under illumination.
It reached towards more stability and became saturated at a
higher wavelength of incident light. The higher wavelength
corresponded to the polycrystalline Bi,Te; TI film. The value of
the responsivity for the Bi,Te;/n-GaN heterojunction was
observed to be in the range 1.0 x 10° to 3.8 x 10> AW for the
range of bias voltage of 1-4 V. The detectivity was also calcu-
lated (eqn (5)), and is also represented by an energy-detectivity
(E-D) versus the driving voltage (V) contour plot (Fig. 2c) for
the Bi,Te;/n-GaN heterojunction devices. The detectivity
increased with the driving voltage and was observed to be
negative due to the negative responsivity. The detectivity also
stabilized towards a higher wavelength, with a slight increment
at a higher driving voltage. The range of D was found to be
-5.15 x 10" to —3.86 x 10'° Jones for the operating voltage
range of 1-5 V. Fig. 2d shows the responsivity and detectivity
versus the power density plots for the Bi,Te;/n-GaN heterojunc-
tion at a bias voltage (V) of 3 V and wavelength (1) of 550 nm of
incident light. It was observed that both the responsivity and
detectivity exhibited an almost linear decreasing relation with
the power density (Pp) of the incident light, as the power was
varied from 1.96 uW to 4.20 uW. Similar negative relations for
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Fig. 2 (a) Contour plot showing the current—energy (/-E) plot versus the driving voltage (V), measured for the voltage range from V = 0-5V for the
Bi,Tez/n-GaN heterojunction device, where E is the incident photon energy of the light having a wavelength (1) varied from 350 nm to 950 nm at
1.96 pW incident power. Contour plots showing the relation between the (b) energy-responsivity (E-R) versus the driving voltage (V) and (c) energy—
detectivity (E-D) versus the driving voltage (V) for the Bi,Tes/n-GaN heterojunction device, at constant 1.96 yW incident power. (d) Plot of the
responsivity—power density (R—Pp) (in black) and detectivity—power density (D—Pp) (in red) at a constant driving voltage of 3 V and wavelength of

incident light (1) of 550 nm.

R-Pp, and D-Pp, were also observed at other higher wavelengths
(refer to Fig. S7a in the ESI}). This negative responsivity and
detectivity was due to the increase in the resistance of the
Bi,Tes;/n-GaN heterojunction upon illumination, as observed
in the I-V characteristics (Fig. 1b).

3.2.3 C-V, Cf, and (Gp/w-w) and interface study of the
Bi,Te;/n-GaN heterojunction. The capacitance-voltage (C-V)
characteristics for the Bi,Te;/n-GaN heterojunction are shown
in Fig. 3a. No hysteresis behaviour was detected when the
voltage was swept from —5 V to +5 V and then from +5 V to —5
V. The C-V characteristics appeared to be shifted towards more
positive bias from the origin, which may be due to the pres-
ence of interface states.’® The capacitance dependence on the
biasing (V) became less pronounced at high voltage biasing (V
> 2 V). The capacitance (C) was observed to be higher at lesser
frequency due to the interface states following the alternating
current (AC) signal. The carrier concentration and barrier
height of the Bi,Te;/n-GaN heterojunction was determined

608 | Nanoscale, 2024, 16, 604-613

from the slope and the intercept of the 1/C>-V plot, as shown
in Fig. 3b, and as determined by using the following
equations:

1 2
C?  geeA’Np

(Voi = V) (6)

where the electric permittivity ¢ = 0.65¢,°>" for the Bi,Te; TI
film, the permittivity of free space (&) = 8.85 x 107> F m™",
is the built-in potential, and Ny, is the carrier concentration in
the film, while the barrier height (¢p,) of the heterojunction
given by eqn (7) as:

kT (N¢
= Vi +— (== 7
oo =i+ (1) o)
2nm*kT
hZ
tion band density of states at 7= 300 K. Using eqn (6) and (7),

3/2
where N, = 2< ) =224 x10¥cm™ is the conduc-
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Fig. 3 (a) Capacitance—voltage (C—V) characteristics for the Bi,Tes/n-GaN heterojunction under dark conditions at constant frequencies of 50, 100,
and 200 kHz with the driving voltage from —2 V to +5 V. (b) Plot of 1/C?-V for the Bi,Tes/n-GaN heterojunction at 100 kHz frequency, with the inter-
cept on the x-axis showing the built-in voltage (V). (c) Plot of the conductance/radial frequency (Gy/w) versus radial frequency (w) for the Bi,Tes/
n-GaN heterojunction, measured for the voltage biasing from +1 V to +5 V (interval of 0.5 V) under the dark conditions and (d) under light (1 =
450 nm, power = 1.96 W). (e) Conductance/radial frequency (G,/w) versus radial frequency (w) plot for the Bi;Tes/n-GaN heterojunction at a constant
positive bias of 0.5 V under the dark and illuminated conditions (~450-850 nm, P = 1.96 yW).

the carrier concentration (Np) and the barrier height (¢,) were
calculated and found to be 3.89 x 10'® em™ and 1.80 eV. The
barrier height obtained by the C-V measurement was compara-
tively higher than that measured by the -V measurement.
This discrepancy was primarily due to the surficial or interface
defects, as observed in the C-V characteristics by the positive
shift (Fig. 3a). This variation in barrier height might also be
possible due to the image force and the barrier inhomogene-
ities as seen earlier.>

The 1/C*-V plot for the Bi,Te;/n-GaN heterojunction
(Fig. 3b) showed a linear relation in the reverse bias of the
Bi,Tez/n-GaN heterojunction. The good linear fitting in the
reverse bias indicated the near absence of surface states,
which affected the linearity of the 1/C*>-V plot in the case of
the charging and discharging of the traps.>® The capacitance-
frequency (C-f) plot (refer to Fig. S7b in the ESI}) showed an
almost linear decrease in the capacitance under reverse bias,
without any major peak, confirming the negligible presence of
traps in this region.”® To further study the trap characteristics,
including the trap levels and the trap density, frequency (f)
dependence conductance (G,) measurements were performed.
Here, Gp/w versus the radial frequency (@ = 2nf) was plotted to
study the trap density and trap response time.>® The Gy/w-®
plot for the Bi,Te;/n-GaN heterojunction under the dark and
under illuminated conditions in reverse bias was studied (refer

This journal is © The Royal Society of Chemistry 2024

to Fig. S7c and S7d in the ESIT), and it was observed that G,/w
monotonically decreased without any peaks, with the least
dependence on the negative biasing at a higher frequency. A
similar behaviour for the heterojunction was observed by the
Gp/lo~w plot, under both dark and illuminated conditions
(refer to Fig. S7c and d in the ESI}). The negative biasing
reinforces the negligible charge and discharge of the trapping
process. The Gp/w-w plot for the Bi,Te;/n-GaN heterojunction
in positive bias is shown in Fig. 3¢ and d for the voltage range
+1 V to +5 V (interval of 0.5 V), under both dark and illumi-
nated conditions (4 = 450 nm, P = 1.96 pW). A single Gp/w
sharp peak at the same frequency (o = 2.5 x 10° rad s™') was
observed within the measured voltage bias. The peaks implied
the presence of a trap state with a single discrete energy. The
Gp/w peaks here decreased with the increase in the applied
positive bias. Here, the peaks in Gp/w represented the trap
density, which reduced with increasing the applied positive
bias. The illuminated Bi,Te;/n-GaN heterojunction (1 =
450 nm, P = 1.96 pW) showed almost the same G,/w-o charac-
teristics without any shifting of the G,/w peaks. This similar
peak pattern was also observed for all the measured ranges of
incident light wavelength (1) from 450-950 nm. A shift in the
Gp/w peaks was not observed, which was expected after the
illumination due to the rise in temperature as observed in the
previous study.’® The Gp/w-w characteristics for the Bi,Te,/
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n-GaN heterojunction at +0.5 V bias voltage are shown in
Fig. 3e, under dark and illuminated conditions (4 =
450-850 nm, P = 1.96 uW). Interestingly, only a single G,/w
minimum was observed at the frequency @ = 0.5 x 10° rad s™*
when the wavelength was varied over the range from
450-850 nm, signifying the minimum density of traps. The
illuminated Gp/w minima peak, however, dipped more in com-
parison to the dark one, due to the decrease in the conduc-
tivity under illumination (Fig. 3e). This dip in the peak was
consistent with a reduction in current seen in the I~V results
of the Bi,Te;/n-GaN heterojunction (Fig. 1b). This reduction in
current could also be observed from the (I-E) versus V contour
plot at higher incident photon wavelength (Fig. 1b) due to the
polycrystalline Bi,Te; TI film in the Bi,Te;/n-GaN
heterojunction.

3.2.4 Energy band of Bi,Te;/n-GaN heterojunction under
dark and illuminated conditions. Fig. 4 shows the energy band
diagram for the Bi,Te;/n-GaN heterojunction under the

Fig. 4 Energy band diagram of the Bi,Tes/n-GaN heterojunction at (a)
thermal equilibrium, where a space charge region was created due to
the diffusion of carriers at the junction resulting in built-in potential at
the junction, (b) forward biasing under the dark conditions with the
Dirac cone surface state of the polycrystalline Bi;Tes Tl film, and (c)
forward bias under the influence of the light photons, where the shape
of the Dirac cone changed with the opening of bandgap at the surface
of the polycrystalline Bi,Tez Tl film under illumination.
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thermal equilibrium and at forward biasing under dark and
illumination conditions. Here, E., Ey, Er are the notations used
for the conduction band, valence band, and Fermi energy level
of the respective material, and E, ~0.17 eV (ref. 23) and E,
~3.4 eV (ref. 42) was the bandgap of the Bi,Te; and n-GaN.
Fig. 4a shows the band alignment of the Bi,Te;/n-GaN hetero-
junction under thermal equilibrium with the creation of a
space charge region resulting in the built-in potential. Under
forward biasing, the n-GaN bands were shifted upwards com-
pared to the Bi,Te; with the increase in the forward current.
The Dirac cone surface showed the surface state of the poly-
crystalline Bi,Te; TI film (Fig. 4b) dominated the overall trans-
port due to the large bulk resistance, thereby masking the
bulk properties. The increase in resistance in the I-V results
could be mainly attributed to the increase in the resistance in
the polycrystalline Bi,Te; TI films under light illumination,
due to absorption of the light of higher wavelength (refer to
Fig. S6b in the ESI{). This increase in resistance in the poly-
crystalline Bi,Te; TI films could be attributed to the opening
of the bandgap in the Dirac cone surface, as shown in Fig. 4c.
Such bandgap opening has also been seen recently for inci-
dent unpolarized light, resulting in an anomalous photoelec-
tric effect in a polycrystalline Bi,Te; TI film.*® Furthermore,
this opening of the bandgap in the Dirac cone surface of the
Bi,Te; TI film was due to the electron and holes recombination
with spin up and spin down, generating an energy gap in the
Dirac cone surface (Fig. 4c). This structure and the recombina-
tion could possibly be explained on the basis of the two Dirac
cone surface states® (refer to Fig. S11 in the ESI}) derived
from the ultrafast spectroscopic results of the Bi,Tez/n-GaN
heterojunction. It was shown how the spin polarized electrons
get injected into the Bi,Te; film and the overall dominance
was that of the surface current due to the suppression of the
bottom surface current (refer to section 6 in the ESIf).
Conceptually, the opening of the bandgap of the Dirac cone
was substantiated for graphene and TIs under the illumination
with polarized light.*>*”*®> These band openings under cir-
cularly polarized light have also been observed through experi-
mental time and angle-resolved photoemission spectroscopy
(ARPES) of Bi,Se; TI thin films.*” However, contrary to the
observation under polarized light, the phenomenon observed
here was due to the unpolarized light, which makes it more
interesting. The polycrystalline Bi,Te; film has the same rhom-
bohedral crystal structure as the single crystal in the space
group D;4° (R3m)*® with the time-reversal symmetry. Therefore,
our polycrystalline had a similar Dirac cone-like structure as
the single-crystal Bi,Te; and behaved similarly under the influ-
ence of light with the opening of the bandgap. Due to the
intrinsic defects present in the undoped Bi,Te; films, their
Fermi level lay in the conduction band of the bulk, giving the
material a metallic nature, and therefore the thermal effect
caused by the illumination could not be completely ignored.
This thermal effect enhanced the resistance through electron-
phonon scattering.*® Nevertheless, the instant positive resis-
tance effect could not be seen in the G,/w-w characteristics
(Fig. 3c & d), where the peak shifting was not apparent. The
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thermal artefact was also not seen recently in a photodetection
study of polycrystalline Bi,Te; TI films due to the lack of a long
tail in the transient response.*® Furthermore, a weak broaden-
ing of the topological surface state with the temperature and
negligible anomalies in the dispersion of the state were
observed for the Bi,Te; TI recently.’” Therefore, this remark-
ably weak electron-phonon coupling in the Bi,Te; films
further excluded the thermal origin of the increase in the resis-
tance in our experiment.

The previously proposed model to describe the negative
photoconductivity (NPC) effect®®>® explained the trapping of
electrons by a vacant localized state of random fluctuations in
the local potential barrier.*® According to this gap-state tran-
sition model, the negative photoconduction should be
observed because of the trapping of the photoexcited
electrons,??** with the occurrence of negative photoconduc-
tion at a particular photon energy. However, it was observed
that the intrinsic negative photoconductivity response for our
Bi,Te; TI heterojunction devices prevailed over a broad range
of incident light wavelengths and power. Therefore, based on
our experimental evidence, we emphasize that the observed
aberrant photoelectric effect in our Bi,Te;/n-GaN heterojunc-
tion devices was due to the intrinsic feature of the polycrystal-
line Bi,Te; TI film under illumination. This new mechanism
involved in our results was certainly due to the opening of the
bandgap at the Dirac cone surface of the polycrystalline Bi,Te;
TI film under the influence of unpolarized light; thereby
decreasing the surface charge mobility and increasing the re-
sistance as compared to the dark current, and therefore result-
ing in an aberrant photoconduction in our Bi,Te;/n-GaN het-
erojunction devices. We observed a considerable negative
photoresponse and high responsivity for our Bi,Te;/n-GaN het-
erojunction device. NPC devices have been lately employed for
the fabrication of humidity and light sensors.’® Due to its high
responsivity, our Bi,Te;/n-GaN device can likely find appli-
cations in highly sensitive photodetectors®® and non-volatile
memories.®’®® Also, perhaps the bandgap-opening phenom-
enon in the presence of the unpolarized light can be employed
in retinomorphic devices.®*

4. Conclusion

The Bi,Te;/n-GaN heterojunction was realized by growing a
thin polycrystalline Bi,Te; TI film on an n-GaN template (on
sapphire). The I-V characteristics confirmed the rectifying
nature of the heterojunction device. The electrical properties
of the heterojunction were studied by I-V, C-V, C-f, and G,/
w-w plots under both the dark and illuminated conditions.
The optical study of the Bi,Te;/n-GaN heterojunction devices
revealed an aberrant photoelectric effect under a broad range
of incident light wavelengths and power. The negative photo-
conductance was observed in the I-V characteristics with an
increase in resistance under the influence of unpolarized light
in the forward bias. The good responsivity and detectivity of
-3.8 x 10> AW™" and —3.86 x 10'° Jones were observed in the
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working range of the device. The observed aberrant photoelec-
tric effect under unpolarized illumination was due to a
photon-induced gap at the Dirac point on the polycrystalline
Bi,Te; TI film surface, resulting in negative photoconductivity.
The observed aberrant photoelectric effect can be significant
in realizing highly sensitive photodetectors and non-volatile
memories; while the band gap opening can be employed in
applications in retinomorphic devices with atypical ranges of
operation.
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