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We report on reproducible fabrication and characterization of new photosensitive
Schottky-type junctions prepared by an extremely simple technique when a substrate-free
dry drawn graphite film is transferred from water surface onto as-cleaved van der Waals
surface (0001) of n-InSe substrate. Electrical and photoelectric characterization of the
obtained junctions is investigated using current-voltage, capacitance-voltage and photosen-
sitivity spectra measurements. It is revealed that the thin graphite film transferred onto
the n-InSe (0001) substrate creates a Schottky junction with a potential barrier of 0.49 eV
and rectification ratio of RR =200 at 0.9 V. An abrupt rectifying electrical junction
graphite/n-InSe is formed due to van der Waals attraction forces between the thin graph-
ite film and atomically smooth n-InSe (0001) surface. The graphite/n-InSe junctions
generated short-circuit current density of J . = 0.29 mA/cm open-circuit voltage of V.
= 0.31 V and filling factor of FF = 0.33 under 80 mW/cm? whlte light illumination. The
junctions exhibit photosensitivity in the near-infrared and visible spectral ranges, making
them promising for photodetector applications. Their energy band diagram is built up.

Keywords: indium selenide, heterojunction, photosensitivity.

®oTouyrausi nepexoxu rpadir/n-InSe, BUroTroBieHi NIIAXOM NEpPEHECEHHA CyXOHAMa-
aboBaHol rpadirosoi muiBKkM Ha csimockoaory mosepxuio InSe. M.3.FKosanok, ITICasuyvruil,
M.B.Tosapruuvruii, O.CJIumasun

PosrinsanyTo BigTBOpIOBaHEe BUIOTOBJIEHHS Ta XapakrTepusallid (POTOUYTINBUX IIePeXOmiB
Tuny [lorTki, copMOBaHMX HAAIBUUYANHO IIPOCTHM METOIOM, B SAKOMYy rpadiroBa IiiBKa,
OTPUMAaHA HIJIAXOM CYXOr'0 MaJIOBAaHHS, IIEPEHOCHUTHCS i3 BOAHOI IIOBEPXHi HA CBIXKOCKOJOTY
noeepxuio (0001) migrnagxu n-InSe. Emexkrpuuni ta doroenexTpuuni XxapakTepUCTUKHU OT-
PUMaHUX TEePeXOo/iB JOCHIiJKEeHO IIJAXOM BUMIPIOBAHHS BOJLT-AMIIEPHUX 1 BOJBT-(hapagHux
XapaKTepUCTUK T4 CHeKTPiB doTouyTamuBocTi. Busiieno, 1o Touka rpadiToBa miaiBka, mnepe-
necerna una mosepxuio (0001) migknagku n-InSe, yreopioe nepexin IHIoTTki 3 moTeHniasbHUM
6ap’epom 0,49 eB i Koedinienrom Bunpamaenus RR = 200 opu 0,9 B. Piskuit Bunpamisio-
unii eJeKTpUuHuU mnepexin rpadir/n-InSe dopmyerbca NPUTAryHOUMMU BaH-IepP-BaajbCi-
BCBKUMU CHUJaMHU Mi¥X TOHKOIO rpadiToBo ILIiBKO i aromapHo raagkon nosepxuen (0001)
n-InSe. Hepexo;m rpadir/n-InSe reHepyooTh CTPYM KOPOTKOTO B3aMHKAHHA o, =
0,29 MA/cM?2, Hampyry pOSIMKHYTOro KoJa Voe = 0,31 B ra koedinienT samosnenna FF =
0,33 npu ocsirnmenui Oinum cBiTaom HOTyH{HOCTl 80 mBr/cm2. Ilepexoiu LeMOHCTPYIOTH
doTouyTausicTs y OamkHIN iHGpavepBoHill Ta BuAMMINA 00IaCTAX CIEKTPA, IO CBIAYUTE IIPO
MOMKJUBICTB IX 3acTocyBaHHA K (oromerexTopie. IToOymoBano eHepreTuuHy 30HHY Jiarpamy
TAKUX IIEPEXOMIiB.
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PacMOTpeHO BOCIPOM3BOAMMOE W3TOTOBJCHNE M XapaKTepHsallds (POTOUYBCTBUTEALHELIX
nepexonoB Tumna IIOTTKH, U3TOTOBIEHHLIX OYEHL IPOCTLIM METOAOM, IPH KOTOPOM Trpaduro-
Bajd IJIEHKA, MOJydeHHas IIyTeM CYyXOr'o PHCOBAHU, MEePEHOCUTCA M3 BOTHON IOBEPXHOCTH
Ha cBeyKecKoJoTyio moBepxuocTh (0001) momnowkku n-InSe. Snexrpuueckue u PoOTOdIEKTPU-
YeCKHe XapPaKTePUCTUKHU IOJYUEHHBIX IIEePEeX0[0B MCCAeTOBAHLI IIyTeM N3MEpPEeHMUs BOJILT-aM-
MEePHLIX ¥ BOJLT-(PapagHLIX XapPaKTEePUCTUK UM CIEeKTPOB (POTOUYBCTBUTEILHOCTH. Q0HapyKe-
HO, 4TO rpaduroBas ILIeHKa, lepeHeceHHasa Ha nosepxHocTh (0001) mommoxku n-InSe,
obpasyer Gapoep IllorTKu ¢ nmoreHnuanbHbIM Oapbepom 0,49 5B u KoadPUIIeHTOM BUIPAM-
aeauss RR = 200 npu 0,9 B. Pesruil BRIIPAMJISIONINN 9JIeKTPUUECKUil Imepexox rpadur/n-
InSe dopMmupyercs NPUTArMBAKIIMMU BaH-IEeP-BAAJbCOBCKUMH CUJIAMU MEMIY TOHKOH rpa-
(uToBO# mIeHKON u aTomMapHO riaaakoi mosepxHoctbio (0001) n-InSe. Ilepexonsr rpadur/n-
InSe remepupyOT TOK KOPOTKOrO 3aMbIKaHudA J , = 0,29 MA/cvZ, HanpsAKeHre PABOMKHYTOH
nernu V,. = 0,31 B u xoopdunuent sanonrnenusa FF = 0.33 mpu ocsemieHuu 6esbIM CBETOM
motHocTso 80 MBr/cm2. Ilepexoanl oGHAPYIKUBAIOT (DOTOUYBCTBUTENLHOCTh B GIVIKHEH WH-
dpakpacHoi M BUAMMON 00JACTAX CIIEKTPa, UTO YKA3bLIBAaeT Ha BO3MOMKHOCTL MUX MpUMeEHe-
HUA Kak QoTomeTeKTopoB. IlocTpoeHa sHepreTHdUecKas 30HHAA AUATPAMMA TAKUX IIEPeXOT0B.

1. Introduction

Future advances in the realm of gra-
phene-like two-dimensional (2D) materials
are associated with new van der Waals het-
erostructures [1]. The possibility of combin-
ing graphene with other layered 2D crystals
in nanoscale structures offers new exciting
opportunities for nanodevice fabrication,
and the interest in the heterostructures fab-
ricated by stacking various combinations of
2D crystals is growing exponentially [1].
The future success of the "van der Waals
heterostructures” conception depends on un-
derstanding of the processes at gra-
phene/layered semiconductor interface and
fine control of charge transport through the
junctions. Drawing with a graphite rod/pen-
cil is the cheapest and simplest way of the
solvent-free deposition of nanocomposite
graphene-based films [2]. This approach is
very attractive because of the great demand
in the scalable production of large quanti-
ties of defect-free few-layer graphene.

Among exfoliable layered crystals suit-
able for van der Waals heterostructures, in-
dium monoselenide (InSe), a direct-band gap
III-VI semiconductor compound (E,=
1.26 eV at T = 300 K [3]), offers unique op-
portunities for applications in optoelectron-
ics and nanoelectronics. The recent spark of
interest in this material is associated with
the observation of strong quantization effects
in mechanically exfoliated mnanosheets and
the reported possibility of tuning the band
gap in the near-infrared spectral range by
reducing the flakes’ thickness down to several
nanometers [4]. These findings have already
stimulated many new studies on InSe [5-8].

INSe layered crystals can be easily
cleaved along the (0001) planes. Due to a
low density of surface states [9], the (0001)
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surface (also called as "van der Waals sur-
face™) of InSe has been successfully utilized
as a substrate for fabrication of high-qual-
ity photosensitive p-n junctions using a sim-
ple method of direct mechanical adhesion
between thin films of layered crystals (also
known as "optical contact method™) [10-
12]. As-cleaved InSe (0001) surfaces are
atomically smooth and do not require any
additional treatment for electrical and opti-
cal applications [9]. To our knowledge, char-
acterization of graphite/layered semiconduc-
tor junctions has not been reported earlier.

Various techniques have been applied for
deposition of thin graphite films: chemical
vapour deposition [13], cathodic plasma
electrolysis [14], pulsed laser deposition
[15], printing colloidal graphite [16],
method based on van der Waals adherence
of cleaved highly oriented pyrolytic graph-
ite flakes [17] and even direct drawing
graphite films onto semiconductor surface
using a pure graphite rod [18]. However,
our attention was attracted by a new, low-
cost and technologically simple technique
for fabrication of high quality graph-
ite/semiconductor junctions using dry
drawn graphite films, which was proposed
in [19]. Here, we demonstrate that this
technique can be applied for fabrication of
photosensitive graphite/n-InSe Shottky-type
junctions with satisfactory reproducibility
of electrical and photoelectrical parameters.
It is reported on a detailed analysis of the
electrical and photoelectric properties of the
graphite/n-InSe  junctions prepared by
transferring a dry drawn graphite film onto
the van der Waals surface (0001) of n-InSe
substrate.

It is known that a graphite rod can draw
owing to the highly anisotropic layered struc-
ture of graphite. Graphite platelets are
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clearly seen when observing the surface of
pencil drawn films by means of a scanning
electron microscope [2]. It was demon-
strated in [20, 21] that dry drawn graphite
films cold be regarded as 2D nanostruc-
tures, as they are composed of randomly
interacting multilayer graphene nanosheets
and graphitic nanodomains. It was inferred
in [17] that the barrier properties of graph-
ite/semiconductor junctions were mainly de-
termined by the first layer of graphite at
the interface. The authors of [17] investi-
gating various bulk graphite/semiconductor
junctions have anticipated a similar phe-
nomenon when substituting three-dimen-
sional (8D) graphite for 2D graphene. Thus,
our work may be regarded as a step towards
understanding the interface nature of gra-
phene/n-InSe and further development of
novel nanodevices.

2. Experimental

In this study we used undoped n-InSe sin-
gle crystals grown by the Bridgman method
from a non-stoichiometric melt In4 §3Seq g7.
The grown crystals were studied by means of
X-ray diffraction (XRD) measurements using
a DRON-3 X-ray diffractometer in a mono-

chromatic CU_KOL radiation of wavelength A =

1.5418 E and analyzed by means of LATTIK-KARTA
software. The obtained XRD results revealed that the

obtained crystals were rhombohedral y-lnse (R3m
space group) with the lattice parameters a =

4.002 and ¢ = 24.961 A. The room tempera-
ture Hall effect measurements showed that
the InSe crystals were of n-type conductivity
with the electron density in the range 1014 to
1015 em 3. The electron mobility was deter-
mined to be 800-1000 cm?2/Vs.

Thin plates of InSe layered crystals were
used as substrates in graphite/n-InSe Shot-
tky-type junctions. For their fabrication at
ambient conditions we used a recently pro-
posed technique described in [19]. Accord-
ing to this method, a homogeneous graphite
layer was firstly drawn on a mechanically
polished salt (NaCl) substrate (typical di-
mensions of 4x4x1 mm3) using a pure
graphite rod (pencil). Then the NaCl sub-
strate was placed onto the surface of double
distilled water. The graphite/NaCl structure
was floating on the water surface during
several minutes until the NaCl substrate be-
came dissolved in the water. As a result, we
obtained a substrate-free dry drawn thin
graphite film on the water surface. The in-
teraction forces between a large number of
graphitic nanodomains and overlapped ul-
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trathin graphite sheets are strong enough to
keep the film together. Then the obtained
semitransparent thin graphite film was trans-
ferred onto the van der Waals surface (0001)
of the n-InSe substrate. An abrupt graphite/n-
InSe junction is formed due to the adhesive
van der Waals force between them.

To measure electrical and optical proper-
ties of the obtained graphite films, they
were also transferred onto glass substrates.
Using a four-probe method, we established
that the room temperature sheet resistance
of the graphite films was around 385 Q/sq.
The optical transmittance was measured to
be =21.2 % at 550 nm. The carried out
micro-interferometry measurements re-
vealed that the films were 180-200 nm
thick. The front point contacts to the
graphite films were fabricated using a con-
ductive silver-based glue. High purity In
was used as a back contact material provid-
ing good ohmic contact to n-type InSe. The
active area S of the junctions was 0.16 cm?2.

The surface morphology of the samples
was investigated by means of atomic force
microscopy (AFM) using a Nanoscope IIla
Dimension 3000 SPM (Digital Instruments,
USA). The AFM measurements were carried
out in tapping mode in air after fabricating
the samples.

The current-voltage (J-V) and capaci-
tance-voltage (C-V) characteristics were
measured by means of a Schlumberger SI
1255 & 1286 amplitude-frequency analyzer
at room temperature. The obtained results
were analyzed using "ZView 3.0a” software.
The photoelectric parameters of the junc-
tions (open-circuit voltage V. and short-cir-
cuit current density J,.) under illumination
were investigated to an accuracy of 0.5 %
using a standard stand.

The room temperature photosensitivity
spectra were measuregl using a MDR-3 mono-
chromator with a 26 A resolution. The illumi-
nation was directed onto the thin graphite
film side. The spectral distribution of the
relative quantum efficiency of photoconver-
sion was determined as the ratio of photocur-
rent to number of incident photons.

3. Results and discussion

3.1. Morphology characterization

The morphology of the heterointerface
between the semimetal graphite film and
n-InSe semiconductor substrate is closely re-
lated to the properties of the graphite/n-InSe
junctions. Fig.1l a,b,c shows AFM patterns
of the surface morphology of the as-cleaved

475



M.Z.Kovalyuk et al. /| Graphite/n-InSe photosensitive ...

InSe(0001) surface

nm

250 nm

b) & c)
E ’\WA AA VN\—J\VAW&J\‘ m["\z\v:f o
< VW W f W
&
?0 25'0 500
X (nm)
g
~ f)
 §
2 <hadi o A A
N bt il "
3
O._
':. T T T
0 0.25 0.50 0.75 1.00
X (um)

Fig. 1. Surface morphology of a freshly cleaved InSe (0001) surface (a and b) and the graphite film
transferred onto this substrate (d and e): a and d — 3D AFM images and b and e — 2D AFM
images; ¢ and f — cross-section profiles along the black lines shown in (b) and (e), respectively.

van der Waals surface (0001) of the InSe-
crystal used as a substrate and a thin dry
drawn graphite film transferred from the
water surface onto this substrate. The AFM
patterns demonstrate that the surface
(0001) of n-InSe substrate is almost atomi-
cally smooth with a root mean square (RMS)
roughness of =0.08 nm. One can see from
Fig. 1,c that the maximum surface height
deviation does not exceed 0.36 nm. The ob-
tained AFM results for the n-InSe (0001)
surface are in good agreement with the lit-
erature [9, 32].

The surface morphology of the dry
drawn graphite films was investigated
after their transferring onto the n-InSe sub-
strate (Fig. 1,d,e,f). It is clearly seen that
the surface of the graphite/n-InSe structure
is rougher than the as-cleaved surface
(0001) of n-InSe. The AFM results revealed
that the RMS roughness of this surface was
equal to =0.839 nm. The maximum surface
height deviation did not exceed 1.54 nm
(Fig. 1,f). The AFM measurements show
that the surface of the graphite/n-InSe
structure under investigation is relatively
smooth with a low RMS roughness, which is
very important for the fabrication tech-
nique used in this work, as for good me-
chanical adhesion between the thin graphite
film and n-InSe substrate,the both contact-
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ing surfaces must be almost atomically
smooth with minimal surface roughness.

3.2. Electrical properties

The room temperature J—-V charac-
teristics of the graphite/n-InSe Schottky-
type junctions (Fig. 2a) show a rectification
with low leakage current densities at re-
verse bias. The junction is forward biased
when a positive voltage is applied to the
graphite film ( see the insert in Fig. 2a).
The J-V curves tend to slightly vary from
sample to sample but all show strong recti-
fication. The fact that the graphite/n-InSe
structures under investigation display well
pronounced rectifying behaviour confirms
the formation of a high-quality electrical
junction between the thin graphite film and
n-InSe substrate. The junctions show a rec-
tification ratio (RR), the ratio of forward
current density (J4,) to reverse current
density (J,,,), to be of about 200 at the
applied voltage of 0.9 V. The obtained value
of RR is higher or comparable with that
reported for other rectifying InSe-based
junctions [23, 24]. The experimental value
of Schottky barrier height ¢, = 0.49 V was
determined by extrapolating the linear part
of the forward branch of the J-V charac-
teristic towards the intersection with the
voltage axis (Fig. 2a).

Functional materials, 27, 3, 2020
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Fig. 2. a) The dark J-V characteristic of the graphite/n-InSe junction. The inset shows a schematic
illustration of the fabricated graphite/n-InSe junction; b) the dark forward biased J—V characteristic of
the graphite/n-InSe junctions. The straight red line corresponds to the JJ = exp[q/(V — JR,)/nkT]
dependence. The inset shows the dark reverse biased J(V) characteristic in log-log scale.

From the additional measurements of im-
pedance spectra and their modelling it is
found that the series resistance R, of the
junction is 3.5 kQ. This value is affected by
the resistance of the quasi-neutral regions
of the n-InSe substrate. For the Schottky-
type junctions under investigation, its high
value is caused by the low conductivity of
n-InSe single crystals along the c-axis of
hexagonal crystal, o). (i.e across the layers)
[25]. Therefore, the InSe-based structures
have high resistance of the quasi-neutral re-
gions. The values of R, of the same order of
magnitude have been reported for various
types of homo- and heterojunctions based on
InSe layered crystals [23, 26].

Fig. 2b shows the J—V characteristics of
the graphite/n-InSe junctions under for-
ward and reverse biases plotted in semiloga-
rithmic and log-log scales, respectively. The
initial parts of the measured J-V charac-
teristic are governed by the following expo-
nential dependence [27]:

J = Js[exp[%j - 1}, (1)

where J is the current density, J,=
A*T2exp(—q(pb/kBT) is the saturation reverse
biased current density, q¢, is the zero bias
Schottky barrier height, A* is the Richard-
son constant, V is the applied voltage, ¢ is
the elementary charge, k is the Boltzmann’s
constant, T is temperature and n is the ide-
ality factor. However, high values of the
series resistance R, significantly complicate
the analysis of the dark J—V characteristics
of p-n and Schottky-type junctions. The se-
ries resistance largely affects the J—-V de-
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pendences because of the redistribution of
the voltage drop between the potential bar-
rier and the quasi-neutral regions of the
investigated structure.

In order to take into account the value of
the series resistance R, = 3.5 kQ defined
from the impedance measurements, the ex-
perimental J—V curve was replotted (Fig. 2b)
using the equation

B q(V-JRy) 2)
J = J{exp{w} - 1:|.

It is clearly seen that the linear segment
of the J—V dependence corresponding to Eq.
(2) becomes longer. The slope of the obtained
curve (the straight red line in Fig. 2b) repre-
senting the linear segment of the J—V de-
pendence at a low forward bias 38T <V < 0.4
was used to calculate the ideality factor n
from the following equation [27]:

.\ (3)
ET AlnJ

The value of n was established to be
equal to 3.3. This high value indicates on a
deviation of the junction under investiga-
tion from an ideal Schottky barrier diode
for which n = 1. The significant deviation
from the ideality points out the domination
of recombination on defect-related interface
states. The presence of defects at the inter-
face invariably leads to an increase of the
ideality factor. These defect-related inter-
face states are inevitably formed during the
fabrication of the graphite/n-InSe junctions
when the thin graphite films and n-InSe
substrates are exposed to air and water at
ambient conditions. Under such conditions,

477



M.Z.Kovalyuk et al. /| Graphite/n-InSe photosensitive ...

a thin intrinsic oxide layer may be formed
on the substrate due to adsorption of oxy-
gen, water or hydroxyl OH-groups in the
presence of defects in the chalcogen atomic
planes [9, 28]. In addition, some interface
defects can appear at mechanical cleaving
the substrates. The presence of such uncon-
trolled defects affects the charge-carrier
transport through the barrier.

At higher bias voltage V > 0.4 V the for-
ward branch of the J-V characteristic can
be described by the linear dependence

J =V -VyR,, 4)

where Vi = 0.49 V is the cut-off voltage de-
termined from the forward J—V charac-
teristic in Fig. 2a. This deviation of the J—
V dependence with the further increase of
forward bias takes place due to the effect of
the series resistance R,. At high current
density the J—-V characteristic reflects
mainly the contribution of the voltage drop
across the series resistance R,, but not the
real charge transport mechanisms through
the potential barrier. One can see from the
inset in Fig. 2b that the reverse J—V de-
pendence, when plotted in the lg(J,.,) vs.
lg(V,,,) coordinates, within the reverse bias
0 < [V] < 2 represents a straight line with a
slope = 1. It indicates that this dependence
obeys a linear ohmic law J,,, ~V,,,. The
observed voltage dependence of the reverse
biased current density reflects the current
transport through an insulator layer [29].
Under a reverse bias the depletion region
extends into the semiconductor and thus
this part of the InSe substrate can be re-
garded as insulator. The extension of the
depletion region leads to suppression of in-
jection currents and emergence of the space-
charge limited currents, which determine
the charge-carrier transport through the in-
sulator layer [29].

Fig. 8 shows the frequency dependences
of the C-V characteristics of the graph-
ite/n-InSe junctions measured at a low
a.c.signal (10 mV) under the reverse bias
ranging from 0 V to —8 V. The observed
linear dependences in the Mott-Schottky
plot C~2(V) give an evidence of the uniform
distribution of the uncompensated donors in
the n-InSe substrate [27]. Thus, the graph-
ite/n-InSe structure under investigation can
be considered as an abrupt electric junction.

The value of the built-in potential Vy;
can be established by extrapolating the lin-
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Fig. 3. Room temperature C—V characteristics
of the graphite/n-InSe junction measured at
different frequencies of a.c. signal. The inset
shows the V,,, off = f(®2) plot.

4

ear dependence C 2(V) to the interception
with the voltage axis (Fig. 3). The C 2(V)
curves depend on a.c.frequency and are
shifted to higher values of C2(V) with in-
creasing in frequency. The observed fre-
quency dependence (Fig. 3) is associated with
the influence of their series resistance R, =
3.5 kQ. To determine the real value of the
built-in potential V;, it is necessary to ap-
proximate the received cut-off voltage to the
zero frequency according to the equation [27]

cht—off = f(mZ), (%)

where o = 2nf and f is the linear frequency
of the a.c.testing signal. The obtained de-
pendence is shown in the inset of Fig. 3. As
one can see, the approximated value (V'; =
1.01 V) is overestimated in comparison to
the band gap energy of InSe (Eg=1.26 eV).
The significant difference between the
built-in potential values determined from
J—V and C-V characteristics may be associ-
ated with the effect of interfacial states.
The only reliable parameter which can be
obtained from the C—V characteristics is the
density of uncompensated donors Ny, in n-InSe
substrate. This value can be calculated from
the slope of the C~2(V) dependences using
the equation [27]

_ 2AV (6)
Np=———s,
qeegA(S/C)

where V is the
8.85-1071 F/em is the free space permittivity,
€ = 7.6 is the dielectric constant of InSe [30],
S is the area of the junction, and C is the

applied voltage, g5 =
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Fig. 4. Dark and light J-V characteristics of
the graphite/n-InSe junctions. The inset
shows the voltage dependence of the pho-
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junction capacitance. The calculated density
of uncompensated donors Np =
4.77101% em™3 is in good agreement with
the results of our Hall effect measurements.

3.3 Photoelectric properties

To verify the reproducibility of the used
technique of fabrication of the
graphite/n-InSe  devices, we prepared
30 samples. Their photoelectrical parame-
ters slightly varied in different junctions
but for all our samples, the deviations of
the photoelectrical parameters from their
average values did not exceed 10 %. The
best samples produced an open-circuit volt-
age of V.= 0.81 V and a short-circuit cur-
rent density of J . = 0.29 mA/cm? when ex-
posed to 80 mW/ecm?2 white light illumina-
tion. The filling factor FF was calculated to
be equal to 0.33. The observed photosensi-
tivity and photovoltaic action in the fabri-
cated devices indicate the generation of pho-
tocarriers at the graphite/n-InSe interface.

Fig. 4 shows the room temperature J-V
characteristics of the graphite/n-InSe junc-
tion measured in dark and under illumina-
tion with white light of a 80 mW/em? in-
tensity. One can see (Fig. 4) that the re-
verse bias current density under
illumination is higher than that in the dark
by about two or three order of magnitude.
This is mainly associated with the generated
electron-hole pairs contributing to the pho-
tocurrent because of the light absorption.
We can also see that the photocurrent is
voltage independent at high reverse bias
IV,eol > 1 V. This indicates that the photo-

ev
generated carriers do not recombine within

Functional materials, 27, 3, 2020

the space charge region or at the junction
interface and are efficiently separated by
the strong internal electric field. The inset
in Fig. 4 shows a voltage dependent ratio of
the photocurrent density to the dark reverse
current density J ph/Y rep SUEZEStING that the
graphite/n-InSe junctions can be success-
fully applied as photodiodes with operating
voltage up to 1.6 V.

Fig. 5a shows the plot of the room tem-
perature photocurrent quantum efficiency
1 versus photon energy indicating a broad-
band spectral photosensitivity of the ob-
tained graphite/n-InSe junctions. The spec-
trum is characterized by the band width
81,9 = 0.96 eV at its half-height. The abrupt
long-wavelength edge of the m spectrum is
observed at the photon energies close to the
InSe bandgap energy. This long-wavelength
exponential increase of the n = f(hv) depend-
ence is associated with light absorption in
InSe and is characterized by a high value of
the slope S = 50 eV~! derived from the fol-
lowing equation [27]:

S = A(lan)/Ahv, %
where hv is the photon energy. The junc-
tions are photosensitive in the spectral re-
gion from about 1.2 eV to 2.95 eV, which
demonstrates their potential as photodetec-
tors for a wide range. Note that a well pro-
nounced exciton peak was found in the pho-
tocurrent quantum efficiency spectrum at
the photon energy of E, =E;,- E,=
1.249 eV (Fig. ba), where E,=1.264 eV
and E, = 0.015 eV are the direct-band gap
energy and exciton binding energy in bulk
InSe at T = 300 K, respectively [4, 10, 31].
The presence of the exciton peak at room
temperature indicates a high quality of the
InSe substrate, as it is known that excitonic
absorption is not observed in imperfect
crystals [32].

The obtained results demonstrate that
these devices can operate efficiently at room
temperature in both photoconductive and
photovoltaic modes and therefore they are
promising candidates for the near-infrared
and visible spectrum photodetectors. It
should be noted that photodetectors based
on InSe and GaSe crystals have been re-
ported to exhibit very good radiation resis-
tance to high-energy irradiations [23, 24,
26, 33]. In addition, graphite is well known
to be highly resistant to all types of radio-
activity. Therefore, it is expected that the
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Fig. 5. a) Room temperature photocurrent quantum efficiency spectrum for the graphite/n-InSe
junction. The arrow indicates the exciton peak energy position; b) the energy band diagram of the

graphite/n-InSe junction in thermal equilibrium.

graphite/n-InSe junctions will provide high
radiation resistance as well.

3.4 Energy band diagram of the graphite/
n-InSe junction

Starting from the obtained experimental
data, the energy band diagram of the graph-
ite/n-InSe Schottky-type junction can be
built up. According to [34], the effective
density of states N of electrons in the con-
duction band of n-InSe is

3/2
2nm, kT (8)
Ne=2—5—|

where m, = 0.15mq = [(mi€)2m|C11/3) is the
average effective mass of the electron
masses parallel (mulc = 0.143m) and perpen-

dicular (mjC = 0.156m() to the c-axis [3]
and m is the electron mass in vacuum, and
at T =300 K gives the values Ny=
2.1-1018 ¢m~3. The position of Fermi energy
level in n-InSe at T =300 K, when the
dominating shallow donors are preferably
ionized, was calculated using the following
equation [36]:

N,
Eg-Ep= lel{N—;} ©)

where E, and Ep are the conduction band
and Fermi energy, respectively, Np=
4.77-101%4 ¢m~3 is the density of uncompen-
sated donors determined from the C-V
measurements. It was estimated that E, —
Ep =0.21 eV. The built-in voltage to be V,;
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= 0.28 V was calculated from the equation
[27]

qVpi = q9p — (E¢c — Ep), (10)

where the height of the Schottky barrier
determined from the J—V characteristic was
found to be ¢, = 0.49 V. For the abrupt
junctions under investigation, the deple-
tion-layer width Wdep can be calculated
using the following equation [27]:

1/2
2ee(Vy2V) (11)
dep = qND ’

where V is a voltage applied to the junction.
The calculated depletion-layer width under
thermal equilibrium conditions, i.e. at V =
0 V, is equal to Wdep =7.0-107% cm.

The Schottky-Mott rule relating the
Schottky barrier height to the metal work
function and the semiconductor affinity can
be used to calculate the graphite contact
work function:

P = q)graphite ~ XInSe’ (12)

where X ge = 4.55 eV [31] is the electron
affinity of InSe. This obtained value of the
graphite work function ®,.,,p; is equal to
5.04 eV, which is in good agreement with
the experimental data, ranging from 4.4 to
5.2 eV, reported in [17, 35]. On the basis of
the data above the energy band diagram of
the investigated graphite/n-InSe junction
has the view shown in Fig. 5b.

Functional materials, 27, 3, 2020
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4. Conclusions

In summary, we demonstrated the forma-
tion of photosensitive Schottky-type graph-
ite/n-InSe junctions as a result of direct me-
chanical adhesion (strong van der Waals at-
traction) when a substrate-free thin dry drawn
graphite film is transferred from water sur-
face onto atomically smooth van der Waals
surface (0001) of n-InSe crystal substrate. The
applied technique is surprisingly well repro-
ducible despite its technological simplicity.

We carried out a detailed investigation
of electrical and photoelectrical properties
of the fabricated junctions in dark and
under illumination. The graphite/n-InSe
Schottky-type junctions exhibited well-pro-
nounced diode-like behaviour with a rectifi-
cation ratio RR of about 200 at 0.9 V.
Using the Schottky-Mott relation we esti-
mated the graphite contact work funection to
be equal to 5.04 eV, which is in good agree-
ment with literature data. The unoptimized
photosensitive junctions produced a maxi-
mum short circuit current density of J,, =
0.29 mA/ecm?, an open-circuit voltage of Voe
=0.31 V and filling factor of FF = 0.33
under white light illumination of 80 mW /cm?
intensity.The obtained graphite/n-InSe junc-
tions exhibited relatively high sensitivity to
light in the near infrared and visible spectral
range, thus demonstrating technological po-
tential of this pair for photodetector applica-
tions. They are promising due to graphite’s
mechanical stability and resistance to radioac-
tive radiation, diffusion, high temperature,
moisture, and most chemicals.

Our study may pave the way for further
development of the new-emerging concept of
pencil-on-semiconductor electronics. The ob-
tained results represent a good starting
point for fabrication and characterization of
the next-generation photosensitive Schot-
tky-type junctions “graphite/layered semi-
conductor” for optoelectronic, photovoltaic
and nanoelectronics applications.
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