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Abstract: In this study, the forward bias I-V characteristics of graphene/n-Si heterojunctions were studied in
the wide temperature range of 10-320 K in order to get detailed information on the barrier heights distribution
(pg). The Schottky parameters (g, n) are estimated in the framework of the thermoelectron emission theory
using Cheung-Cheung method considering the presence of the interface native oxide layer. At room
temperature, we obtain an ideality factor of about 2.5 and a Schottky barrier height of ~0.22 eV, which reduces
at lower temperatures. A quantitative analysis of the inhomogeneity in Schottky barrier heights is presented
using the potential fluctuation model proposed by Werner and Guittler.
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I. INTRODUCTION

Graphene has been widely studied as a promising next generation optoelectronic material due to potential
advantages such as ultrahigh carrier mobility, ambipolar behavior, inherent good chemical stability and good
compatibility with other semiconductor materials [1].

At the same time, |-V measurements performed in a wide temperature range are an effective way to evaluate
the quality of contacts and for the extraction of fundamental parameters such as the Schottky barrier height
(SBH) and ideality factor (n).

Also, the accuracy of determining the main parameters of the heterojunction in a wide temperature range is
determined by an adequate choice of the method of elaboration of the experimental data, taking into account
the quality of the metal/semiconductor interface. For graphene/silicon heterojunctions, this is especially
relevant, since the charge states arising at the interface, surface roughness, loose contact of graphene with
the material, and natural inhomogeneity of the oxide introduce distortions into the ideal picture of graphene
contact with another material.

II. RESULTS AND DISCUSSION

For the device fabrication, graphene growth was performed through the atmospheric pressure chemical vapor
deposition using methane as a precursor. After the growth graphene was transferred onto structured n-Si
substrates with metallic contacts by a wet-chemical process without using polymeric frame. The area of the
heterojunction A formed was A = 0.087 cm?. More details about samples fabrication and characterization can
be found elsewhere [2,3].

Figure 1 shows the dark |-V characteristics of the graphene/Si heterojunctions under a voltage bias from -5 to
+5 V (40 mV steps) plotted in a semilogarithmic scale. The experimental data follows the typical Schottky
heterojunction dependency (inset to Fig. 1).

To determine the Schottky heterojunction parameters over wide temperature range, the experimental forward
biased I-V curves at low voltages were analyzed at each temperature within the Cheung-Cheung method,
considering the presence of the interface native oxide layer [4]. In this case, the forward biased I-V
characteristic can be expressed according to the following expression,

@)

where A* is the Richardson constant (= 112 A.cm-2.K-2 for n-Si), k is the Boltzmann constant, g is an elementary
charge, y (in eV) is the mean tunneling barrier height and & (in A) is the interface oxide thickness which was
assumed to be 2-3 nm. For V — IRs > nkT/q Eq. (1) provides

a(V-IRg)
1=AA*T2e—x/75e‘%[e kT —1],

av nkT

a(n)) = RsA] + T (2)

where J = I/A is the current density. From Eq.(2) it follows that the derivative dV /d(InJ) should be directly
proportional to the current density /. From the fitting procedure the Rs and the n values are obtained.
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Employing the estimated from Eq. (2) the n values, the SBH (¢5) and again the Rs can be deduced by an
additional Cheung’s equation, defined as [4]:

H() =V =20 (—L5) = ReA] +19s/4. 3)

Obviously, plot H(J) also obeys a straight linear relationship.
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Figure 1. Forward biased I-V characteristics of the graphene/Si heterojunction under dark conditions
measured in the T range of 10 — 320 K. The inset shows the experimental data of the graphene/Si
heterojunction under a voltage bias from -5 to +5 V plotted in a semilogarithmic scale

The analysis of the measured temperature-dependent I-V-T characteristics of the heterojunctions by using the
thermionic emission theory reveals a decrease in the zero-bias SBH and an increase in the n with the decrease
of the temperature (Figure 2a). Such temperature dependencies of both n and SBH indicate the influence of
inhomogeneities at the graphene/n-Si interface, which are also mentioned in several studies [5,6]. In order to
explain the origin of anomalous temperature behavior of SBH and n, the temperature dependent barrier
inhomogeneities were evaluated assuming the Gaussian distributions of the SBH [5]. As per this method, the
total forward bias current flowing over all possible barrier heights is then given by

JV) = [ J(05,V)P(9p)des, @)

Gaussian distribution expression of the barrier heights with a mean value of ¢z, and standard deviation oy
has the form

P(pp) = 03%3[_ <(¢B;f§m)z)], (5)

The apparent barrier height (¢,,) has the form [7]

Gap = Pom — 2+ KTIn [1 + exf (22)] - TIn

(12
1+ erf( £22oi 6
erf{ === | (6)

The plot of ¢, versus 1/2kT of studied heterojunction is shown in Figure 2b. Utilizing a model tailored to
thermionic emission over a Gaussian distribution of barriers, both the mean barrier height (¢g,,) and the
standard deviation (o) in the distribution were extracted from experimental data via multiple linear regression
(Figure 2b). The obtained graphene/Si heterojunction parameters are summarized in Table 1.

where erf denotes the error function.

To obtain more accurate values, the conventional activation energy equation can be modified under the
assumption of Gaussian distribution of barrier heights, as follows

Io _ _ 9B oh
In (TZAAfo> =Tt (ZkZTZ)’ ™

where saturation current (I,) can be extracted from the experiment by linear fitting of the forward I-V-T
characteristics.
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Figure 2. a) Ideality factor (circles, left Y-axis) and SBH (triangles, right Y-axis) as a function of T obtained
using Cheung’s method. b) Apparent SBH as a function of 1/2kT of the graphene/Si heterojunction

The modified Richardson plot for the graphene/Si heterojunction is shown in Figure 3b. From the fitting
procedure the values of ¢z, and effective Richardson constant (4;,,) were extracted. It should be noted that

in the calculations of the effective Richardson constant (4;;,) the full contact area between graphene and Si

was taken as a

constant (A = 0.087cm?).

The presence of three different linear fits indicates that there are effective three Gaussian distributions of
barrier heights. These values are listed in Table 1. The variations in the values of effective Richardson
constants (A.f) for three temperature regions are lower than the known value for n-Si, that is assumed to be

=112 A-cm2K=2,

Table 1. Temperature-dependent parameters of graphene/n-Si heterojunction

Temperature Cheung’s method Wernerrr];r;]%(?uttler Modified Richardson plot
range, T(K) N o5 (V) Do (V) o5 (€V) (A.cmz']; f K2 ©pm (€V)
(1O|1|40) 91-18.6 | 0.0067-0.037 0.039 0.008 0.00012 0.048
(40280) 18.6-8.5 | 0.037-0.077 0.160 0.038 29.500 0.275
(90—|320) 8.0-2.5 0.08-0.22 0.385 0.095 67.823 0.736
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Figure 3. Modified Richardson plot for graphene/Si heterojunction. The solid lines represents the best fit to
the experimental data in each region.
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IIl. CONCLUSIONS

The parameters of graphene/Si heterojunction, such as ideality factor, Schottky barrier height and effective
Richardson constant values over a wide temperature range of 10-320 K are presented. The obtained results,
which were based on thermoelectron emission theory, exhibited an increase of r and a decrease of ¢ with
the decreasing temperature and A, was found to be much lower than its theoretical value

(for n-Si= 112 A-cm2.K*). The differences in the A;;, values can be caused by spatially inhomogeneous SBHs

and potential fluctuations at the interface that consist of low and high barrier areas. In this case,
inhomogeneities of SBH can be caused by poor interface quality, inhomogeneity of surface states and
dislocations, as well as inhomogeneous thickness of the dielectric interfacial layer. Besides, inhomogeneities
and/or residual contamination in the interfacial region may be introduced during the copper etching and
subsequent transfer process of the graphene film onto n-Si substrates.
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AHHOTaumus: B pgaHHoOW paboTe uccnegoBanvcb MNPSIMble TEMHOBLIE BONbTaMMEpPHblE XapakKTEPUCTUKU
reteponepexoga rpadeH/n-Si B WwmMpokoM TemnepatypHom amanasoHe 10-320 K ¢ uenbio nonyyeHus
JetanbHOM MHopMaL MM 0 pacnpeneneHumn BbicoTbl 6apbepoB (pg). OcHOBHbIE NnapameTpsl agnoaa LoTtTkm
(g, N) OUEHEHbl B pamKax TEOpUW TEPMOSIMEKTPOHHOW 3MUCCUMKM MO MeToay YyHroB C y4yeToM Hamm4us
Mexda3HOro OKCUOHOro crosi. YCTaHOBMEHO, 4TO NpW KOMHATHOW TemnepaTtype Ko3addpuuneHT
HenaeanbHOCTM OOCTUraeT 3HadeHust ~2,5, a BoicoTa 6apbepa LWoTTkn ~0,22 aB. KonnyecTBeHHbIN aHanms
HeoaHOpPOAHOCTU BbICOTHI Gapbepa LUoOTTKM npeacTaBneH € WUCMOMNb30BaHMEM MOAENU NPeanoXKeHHOW
BepHepom u IN'yttnepom.

KnioueBble croBa: rpadeH, Xumuyeckoe napodpasHoe ocaxaeHue, napameTpbl auvoda LWoTTku,
pacnpegnerneHue BbICOTbl 6apbeposB.
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