JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 14 No 6, 06001(5pp) (2022)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 14 No 6, 06001 (5cc) (2022)

Mechanisms of Current Generation in Graphene/p-CdTe Schottky Diodes

I.P. Koziarskyil*, M.I. Ilashchuk!, I.G. Orletskyi!, L.A. Myroniuk!2, D.V. Myroniuk!2, E.V. Maistruk!,
D.P. Koziarskyil, V.V. Strelchuk3

1 Yuriy Fedkovych Chernivtsi National University, 2, Kotsyubynskyi St., 58002 Chernivtsi, Ukraine
2 .M. Frantsevich Institute for Problems of Materials Science, NASU, 3, Krhyzhanovsky St., 03142 Kyiv, Ukraine
3 V. Lashkaryov Institute of Semiconductor Physics, NASU, 45, Nauky Ave, 03028 Kyiv, Ukraine

(Received 03 October 2022; revised manuscript received 20 December 2022; published online 27 December 2022)

Graphene/p-CdTe Schottky diodes are obtained on p-CdTe substrates by spaying aqueous solutions of
polyvinylpyrrolidone (PVP, (C¢H9NO),), which contain particles of multilayer graphene mechanically exfo-
liated from graphite. The diode properties of the obtained graphene/p-CdTe surface barrier structures are
determined by the energy barrier qgr. = 0.8 eV, which is formed in the near-contact region of p-CdTe. The
temperature dependence of the I-V-characteristics is analyzed and the dynamics of change in the barrier
height with temperature and the main mechanisms of current generation in the studied diodes under for-
ward and reverse voltages are established. In the region of forward biases at V< 0.2 V and reverse biases
at — 0.5 V < V, recombination-generation currents flow through the diode. The reverse current is due to the
generation processes, and the forward current is due to recombination in p-CdTe charge carrier depleted
region. At higher, both forward and reverse voltages, current formation is dominated by the tunneling of

charge carriers through the potential barrier of the electrical junction.
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1. INTRODUCTION

Graphene is a two-dimensional material that has
unique electrical and optical properties. The quality of
graphene for the phenomenon of charge transfer is de-
termined by such a parameter as the mobility of charge
carriers. Since electron-phonon scattering in graphene
is much weaker, the value of mobility can reach
2-105cm2V-1s1 at room temperature [1]. The light
transmission coefficient for graphene in the visible re-
gion of the optical range does not depend on the wave-
length and is equal to 7'= 0.977 [2]. At the same time,
the transparency of graphene remains quite high when
the number of layers increases: graphene layers corre-
sponding to a thickness of 1 pm have a transparency of
approximately 70 % [3]. In addition, the reflectivity of
graphene R is very low: R =1.3-10-4, although this val-
ue slightly increases to 2 % for 10 layers [3]. The speci-
fied parameters make it possible to obtain graphene
films on silicon substrates with high transmittance val-
ues and fairly low values of surface resistance, which for
films obtained under different technological conditions
varied within 7'=90-97.4 % and Rs~ 30-120 Q-sq~1! [4].
The given electrical and optical parameters of graphene
films are one of the reasons for their use as transparent
frontal contacts in organic [5], hybrid organic-inorganic
perovskite [6, 7] and silicon [8] solar cells.

The paper investigates the electrical properties of
graphene/p-CdTe surface barrier structures obtained
by applying multilayer graphene by the method of me-
chanical exfoliation of graphite in an aqueous solution
of polyvinylpyrrolidone (PVP) on freshly cleavage crys-
talline cadmium telluride plates.
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2. METHODOLOGY OF THE EXPERIMENT

Cadmium telluride substrates grown by the vertical
Bridgman method were used for the manufacture of
graphene/p-CdTe Schottky diodes. Their specific electri-
cal conductivity was o=3-10-3 Q-1-cm~1, the concen-
tration and mobility of holes were p = 3.5:10* c¢cm -3 and
uH=56.0 cm2V-1g-1 (at T=301 K), respectively. To
obtain graphene layers on the surface of the substrate,
the method of mechanical exfoliation of graphite in or-
ganic solvents using a kitchen blender was used. Pow-
dered casting graphite (GL-1) and an aqueous solution
of PVP (CéHoNO), were used to form a dispersed mix-
ture. The exfoliation process of graphite to graphene
occurred as a result of the dynamics of the dispersed
graphite mixture under the influence of a mechanical
blender. Further separation of the liquid and solid frac-
tions of the mixture was carried out using a centrifuge.
The resulting precipitate was diluted with ethyl alcohol
and applied to the cleaned substrates using a pneumatic
atomizer. The complete removal of volatile components
of the solution from the deposited films occurred at a
substrate temperature not higher than T's = 523 K. This
ensured the stability of the electrical parameters of the
base material in the process of manufacturing struc-
tures. The formation of graphene layers by the indicated
method was confirmed by the results of Raman scatter-
ing spectra studies using a Jobin Yvon t64000 Raman
spectrometer under excitation by unpolarized light with
a wavelength of 514.5 nm.

The problem of obtaining ohmic contacts to p-CdTe
substrates [9] was solved by creating a p*-region in the
near-surface layer. For this, their surface was pretreat-
ed with a ruby laser (wavelength 1=0.694 um, photon
energy hv=1.79 eV). High-power laser radiation with
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photon energy greater than the band gap of CdTe (hv >
E;=1.5 eV) leads to melting, recrystallization, and
evaporation of surface components. At the same time, it
is enriched with its own point defects of the acceptor
type, cadmium vacancies (Vcd), which causes the for-
mation of the p*-region. Further formation of the ohmic
contact occurred by deposition of gold and copper from
aqueous solutions of their salts. The contact to the gra-
phene layers was formed using a silver-based conduc-
tive paste.

The I-V-characteristics of the investigated gra-
phene/p-CdTe Schottky diodes were measured using a
hardware-software complex implemented on the basis
of the Arduino platform, an Agilent 34410A digital
multimeter and a Siglent SPD3303X programmable
power source, which were controlled by a personal
computer using software created by the authors in the
LabView environment.

3. EXPERIMENTAL RESULTS AND THEIR
DISCUSSION

Graphene is characterized by one sharp and sym-
metrical peak of the 2D band in the Raman scattering
spectra. Since graphite consists of several graphene
monolayers, the 2D band observed in its spectrum is
wider and more asymmetric compared to the 2D band
in the graphene spectrum [10]. This indicates the pres-
ence of several components from several phonon modes,
as can be seen from the comparison of the spectra
shown in Fig. 1. Some observed asymmetry of the 2D
band in the graphene spectrum indicates its multi-
layered nature. Raman scattering spectra of the casting
graphite GL-1 and obtained few-layer graphene (FLG)
are presented in Fig. 1.
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Fig. 1 — Raman spectra of casting graphite and FLG

The I-V-characteristics of graphene/p-CdTe Schott-
ky diodes measured in the temperature range 7= 301-
340 K are shown in Fig. 2. Current rectification ratio in
the manufactured structures at 7'= 301 K and voltages
| VI =1V was ~ 102, The value of the voltage ¢, at
which a significant increase in the forward current oc-
curs and which, in the first approximation, can be in-
terpreted as the value of the built-in potential, was
estimated by extrapolation of the linear sections of the
I-V-characteristics at a forward bias to the voltage axis
(at T= 301 K, the value of gr=0.75 V).
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Determined from the temperature dependence of
the potential barrier height qgr, the temperature coef-
ficient of its change was d(q@r)/dT=-2.610-3eV/K
(Fig. 2, inset a), which correlates well with the results
obtained for barrier structures based on CdTe and solid
solutions based on it Cd:-:Zn,Te [11, 12].

The value of the series resistance of the structure
(Rs = 1.4-10%2 Q) correlates well with the resistance of
the CdTe base material, taking into account the geo-
metric dimensions of the substrates. The almost absent
temperature dependence of Rs is explained by the pres-
ence in the temperature range of measurements of the
depletion region of the shallow acceptor level Ev of
+0.05 eV. It determines the equilibrium conductivity of
low-impedance undoped p-CdTe obtained under the
specified technological conditions [13]. It is known that
this energy level corresponds to a singly charged va-
cancy of cadmium Vca~1 or a complex with its partici-
pation [13].

The mechanisms of the carrying of charge carriers
through the potential barrier in the region of forward
biases were determined based on the analysis of the
forward branches of the I-V-characteristics plotted on a
semi-logarithmic scale (Fig. 3).

In the area of small currents at 3k7'< V< 0.2 V, the
diode coefficient A is 2.6. Therefore, in the first approx-
imation, at the indicated voltages, the forward branch-
es of the I-V-characteristics of graphene/p-CdTe diodes
are described by the expression for the recombination
current [14]:
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Fig. 2 — I-V-characteristics of graphene/p-CdTe Schottky di-
odes in the temperature range T'= 301-340 K. The inset shows
temperature dependences of the potential barrier height qgr
(a) and series resistance of the structure Rs (b)
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where n; is the value of the intrinsic concentration of
charge carriers in p-CdTe, d is the depleted region
thickness in p-CdTe, 7 is the lifetime of charge carriers
in this region, Na is the concentration of acceptors. At
the same time, recombination of charge carriers occurs
in the p-CdTe depleted region through deep levels that
are incompletely filled with electrons, since the Fermi
level in this region at low forward voltages is located
near the middle of the band gap of the semiconductor.
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Fig. 3 — Forward branches of the I-V-characteristics of gra-
phene/p-CdTe Schottky diodes in a semi-logarithmic scale
(T = 301-340 K)

At forward voltages of 0.2V < V< 0.8V, the diode
coefficient A =5.6. Its value, as well as the observed
absence of the temperature dependence of the tangent
of the angle of inclination InI = f(V) indicates the tun-
neling mechanism of the forward current, which for
sharp surface-barrier structures is determined by the
expression [15]:

I(V) = BNeexp[— a (pp— V)], 2

where B is a constant, N; is the concentration of traps
in the band gap, a is a value that depends on the effec-
tive mass of electrons in the band gap, the dielectric
constant, the equilibrium concentration of carriers, and
the shape of the barrier. The linearity of the forward
branches of the I-V-characteristics in the coordinates
Inl=f(gr — V) (Fig. 4) confirms the tunneling mecha-
nism of the forward current.

The most probable, in this case, is tunneling of elec-
trons from graphene to unfilled states of the valence
band of CdTe with a decrease in the height and size of
the potential barrier at forward bias. This is confirmed
by the independence of the probability of filling the
energy levels, from which tunneling occurs, on temper-
ature, since the value In[BN;] =1InI at (g — V) =0 is un-
changed in the temperature range of the study (Fig. 4).

At reverse biases in the range — 0.7 V< V< - 3kTlq,
the dependence of the reverse current on the voltage
for graphene/p-CdTe Schottky diodes indicates the gen-
eration mechanism of current formation (Fig. 5) [14, 16]:
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where n; is the value of the intrinsic concentration of
charge carriers in p-CdTe, d is the thickness of the de-
pleted region in p-CdTe, 7 is the lifetime of charge carri-
ers in this region, Na is the concentration of acceptors.
I-V-characteristics in I=f((g.— V)¥2) coordinates
(Fig. 5) at reverse biases — 0.5 V < V< —3kT/q, accord-
ing to expression (3), are linear. Determined from the
temperature dependence of the generation current, the
ionization energy of the energy level from which charge
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Fig. 4 — Forward branches of the I-V-characteristics of gra-

phene/p-CdTe Schottky diodes in InI= f(¢. — V) coordinates in
the temperature range 7= 301-340 K
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Fig. 5 — Linear dependence of the reverse I-V-characteristics
of graphene/p-CdTe Schottky diodes for generation current at
voltages — 0.5 V< V<—3kT/q. The inset shows the tempera-
ture dependence of the generation current at a constant value
of the reverse voltage

carriers are generated is AE = 0.05 eV (Fig. 5, inset). As
already noted, this level is near the edge of the p-CdTe
valence band. Therefore, the reverse current is formed
by the transfer of the positive charge of holes generated
in the p-CdTe depleted region into its bulk and the
movement of the negative charge of electrons from the
conduction zone of cadmium telluride to the conduction
zone of graphene.

At reverse voltages V; > 0.5V, the I-V-characteris-
tics of graphene/p-CdTe Schottky diodes are described
by the expression for the tunneling current [15]:

Il =q, exp(—bO (4, - V)fl/z) s 4)

where ao is a parameter that depends on the probabil-
ity of filling the energy levels from which electrons are
tunneled, bo is determined by the dynamics of current
change on voltage. According to (4), the I-V-characteris-
tics of graphene/p-CdTe Schottky diodes in coordinates
Inltrer = f((pr — V) ~12) are linear (Fig. 6).
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Fig. 6 — Linear dependence of the reverse I-V-characteristics
of graphene/p-CdTe Schottky diodes for the tunneling current
at voltages V> 0.5 V. The inset shows the temperature de-
pendence of parameter ao

The value of the parameter ao is determined by ex-
trapolation of the linear sections of the dependence
Inl = f(pr — V)~ V2 constructed at different temperatures
to the ordinate axis. The value of the AE determined
from the temperature dependence lgao = f(103/T), which
is approximated in the specified coordinates by a
straight line (Fig. 6, inset), was AE=0.17 eV. Taking
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Jiomu Iorrri rpaden/p-CdTe Gynu orpumani Ha minkaankax p-CdTe posnuieHHAM BOIHUX PO3YMHIB
nomisigumposigony (PVP, (CsHgNO),), siki MicTsaTh yacTHHEM 6araTtomapoBoro rpadeHy, MexaHiuHO Bij-
nyiieHi 3 rpadity. JliogHi BJIACTHBOCTI OTPUMAHUX ITOBEPXHEBUX Oap’epHUX cTpyKTyp rpaden/p-CdTe Bu-
3Havasmcs eHepreTuyHuM Oap’epom q@r = 0,8 eB, sikuit dopmyerbcss B npuroHTarTHIN o6sacti p-CdTe.
TIpoanamnizoBano TemmepatypHy 3asnesxnicts BAX Ta BCcTaHOBJIEHO AMHAMIKY 3MIHM BHCOTH 0ap’epy 3 TeM-
IepaTypoIo Ta OCHOBHI MEXaHI3MHU TeHeparlii CTpyMy B JOC/IKYBAHUX JI0aX I Ji€0 IIPsMOI Ta 3BOPOTHOI
"ampyr. B ob6macti mpsimoro amimenss mpu V< 0,2 B 1 3BoporHoro amimenus mpu — 0,5 B < V uepes miox
MPOTIKAIOTh PEKOMOIHAIIMHO-TeHepaliifHl cTpyMu. 3BOPOTHUI CTPYM 3yMOBJIEHUH IIPOIleCaMU TeHepalril, a
MIpSAMUAN — peKoMOIHAaIll B 301IHeH 1 Ha 0CHOBHI Hocii 3apamy obiacri p-CdTe. Ilpu Bumumx, Ak mpsaMux, Tax
1 3BOPOTHHX HAIpyrax, GOPMyBaHHS CTPYMY BiIOyBaeTbCs 3a PAXyHOK TYHEJIOBAHHSI HOCIIB 3apsiy yepes
TOTEHIIaIbHUHA 0ap’ep eJIEKTPUIHOIO IIePEXO0y.

Kmiouogi ciosa: I'paden, iox Ilorrri, CdTe, Mexaniamu remepaiiii cTpymy.
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