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Forward-bias diode parameters, electronic noise, and photoresponse of
graphene/silicon Schottky junctions with an interfacial native oxide layer
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Metal-semiconductor Schottky junction devices composed of chemical vapor deposition grown
monolayer graphene on p-type silicon substrates are fabricated and characterized. Important diode
parameters, such as the Schottky barrier height, ideality factor, and series resistance, are extracted
from forward bias current-voltage characteristics using a previously established method modified
to take into account the interfacial native oxide layer present at the graphene/silicon junction. It is
found that the ideality factor can be substantially increased by the presence of the interfacial oxide
layer. Furthermore, low frequency noise of graphene/silicon Schottky junctions under both forward
and reverse bias is characterized. The noise is found to be 1/f dominated and the shot noise contri-
bution is found to be negligible. The dependence of the 1/f noise on the forward and reverse current
is also investigated. Finally, the photoresponse of graphene/silicon Schottky junctions is studied.
The devices exhibit a peak responsivity of around 0.13 A/W and an external quantum efficiency
higher than 25%. From the photoresponse and noise measurements, the bandwidth is extracted to
be ~1kHz and the normalized detectivity is calculated to be 1.2 x 10°cm Hz">W™". These results
provide important insights for the future integration of graphene with silicon device technology.

©2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4931142]

I. INTRODUCTION

Graphene is an excellent candidate for next generation
transparent and conductive electrodes due to its high trans-
parency, good conductivity, high carrier mobility, mechani-
cal flexibility, and two-dimensional planar geometry.' In
particular, the demonstration of large-scale chemical vapor
deposition (CVD) growth of monolayer graphene has opened
up the possibility of large-scale production of graphene-
based electronic and photonic devices.*®

For most of these applications, interfaces and junctions
play a significant role. Heterojunctions between graphene and
conventional semiconductors combine the advantages of gra-
phene with those of well-established semiconductor technol-
ogy. Electronic and photonic devices based on graphene/
silicon Schottky junctions, such as solar cells,”'® gas sen-
sors,' 12 a variable barrier diode called the “barristor,”'* and
photodetectors,'*'® have recently been demonstrated. The so-
lar cell application has attracted a significant amount of
research interest since graphene can be used as a replacement
for indium tin oxide (ITO). Power conversion efficiencies up
to ~15% have recently been demonstrated.”'® The fact that
the graphene Fermi level and hence the graphene/Si Schottky
barrier height can be tuned either by electrostatic gating or by
chemical doping constitutes the operational principle of devi-
ces such as gas sensors and the barristor.'' ™"
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An important issue, which is much less explored, is the
presence of an interfacial native oxide layer at the graphene/sil-
icon junction. A few groups have pointed out the presence of
an unintentional native oxide layer at the interface, which
could grow either during the graphene transfer process or even
after the silicon substrate is covered with graphene.®'%:!41¢
This interfacial native oxide layer has a thickness of 1-2nm
and results in a significant decrease in the reverse saturation
current levels due to quantum tunneling.'® It is also found
to be responsible for the s-shaped kink frequently observed in
the -V curves of graphene/Si Schottky barrier solar cells.'
However, most previous works have neglected the effect of
this interfacial oxide layer on the diode parameters.

Furthermore, a systematic characterization of the elec-
tronic noise properties of graphene/Si Schottky junctions is
currently lacking. For photodetector applications, which are
much less explored compared to solar cells, electronic noise
is critical since it determines important figures of merit such
as the noise equivalent power (NEP) and the normalized
detectivity. Most reports so far have simply assumed that
shot noise is the major contributor to the total noise. The
contribution of 1/f noise needs to be investigated in order to
obtain more realistic performance figures for photodetectors
based on graphene/silicon junctions.

In this paper, we experimentally characterize metal-
semiconductor (MS) Schottky junction devices consisting of
CVD-grown monolayer graphene on p-type silicon sub-
strates, where graphene acts as the transparent, conductive
metal electrode and silicon as the semiconductor. We extract
the important Schottky diode parameters of this junction,
such as barrier height, ideality factor, and series resistance
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from room temperature forward-bias /-V characteristics by
extending the method first proposed by Cheung and
Cheung'” to take into account the presence of an interfacial
oxide layer. We compare the extracted values with those pre-
viously obtained from temperature-dependent reverse-bias
I-V characteristics. We also discuss the effect of the interfacial
oxide layer on the observed /-V characteristics. Furthermore,
we measure the low frequency noise in these devices under
both forward and reverse bias conditions. We find that 1/f
noise is the major contributor to the total noise and that shot
noise is negligible in the frequency range measured. We also
study the dependence of 1/f noise on the DC current level.
Furthermore, we characterize the photoresponse of these gra-
phene/Si Schottky junctions and extract important parameters
such as responsivity, noise equivalent power, bandwidth, and
normalized detectivity based on the experimental data. Our
results provide important insights into the electronic and opto-
electronic properties of graphene/Si Schottky junctions.

Il. EXPERIMENT

The graphene/p-type silicon Schottky junction devices
were fabricated as described in detail previously.'® Briefly, 1
x 10'® cm > doped p-type Si substrates with 300 nm thermal
oxide were cleaned and windows were opened in the SiO,
layer using a buffered oxide etch (BOE) to define the gra-
phene/Si MS contact. Meanwhile, monolayer graphene was
grown in a low pressure CVD system on a Cu foil and was
transferred onto the Si substrate.'® Inductively coupled
plasma reactive ion etching (ICP-RIE) with O, was used to
pattern the graphene into individual MS devices.'® Finally,
Ti/Au metal electrodes (5 nm/50 nm) were patterned on top
of graphene for electrical probing. Figure 1(a) shows a 3D
schematic of the fabricated graphene/Si Schottky junction
device. Scanning electron microscope (SEM) image of a fab-
ricated MS device is shown in Fig. 1(c). Figure 1(d) is the
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FIG. 1. (a) 3D schematic of the graphene/p-type silicon Schottky junction
device. (b) [-V characteristics of a graphene/silicon device at room tempera-
ture. (c) Top-view scanning electron microscope (SEM) image of a fabri-
cated graphene/silicon device. (d) Zoom-in of the SEM image at the SiO,/Si
edge with a step height of 300 nm, showing excellent step coverage of the
monolayer graphene.
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magnified view of the Si/SiO, edge with a 300nm step,
clearly showing that monolayer graphene provides excellent
step coverage due to its high flexibility.

The DC electrical measurements of the devices were
performed using a semiconductor parameter analyzer. For
the study of electronic noise, a low noise battery and a low
frequency, low noise current preamplifier were used in order
to bias the device and amplify the noise signal. The noise
measurements were performed by a spectrum analyzer. The
time domain fluctuation data were collected by a digital data
acquisition system. Photoresponse measurements were car-
ried out using a tungsten-bromine white light source, an opti-
cal chopper, and a monochromator. The measurement setup
is described in detail in Ref. 19.

lll. RESULTS AND DISCUSSION

Figure 1(b) shows the room-temperature /-V characteris-
tics of a graphene/Si Schottky junction device, depicting
strong rectifying behavior. By studying the temperature de-
pendence of the reverse saturation current, we have previ-
ously demonstrated that the electrical transport in the
graphene/Si Schottky junctions is dominated by thermionic
emission for temperatures above 260K.'® In thermionic
emission, the /-V characteristics can be described by20

I =AA*T?exp(—y"76)exp <—%) {exp (M> - 1} ,

kT nkT
(D

where A is the effective contact area, A is the reduced
effective Richardson constant, T is absolute temperature, ®p
is the Schottky barrier height, & is the Boltzmann constant, ¢
is the magnitude of electronic charge, n is the ideality factor,
and R; is the series resistance. In our devices, a thin interfa-
cial native oxide layer is present between graphene and sili-
con, which reduces the reverse saturation current due to
quantum tunneling, as discussed in detail in Ref. 16. The
transmission coefficient through this interfacial oxide layer
can be described by the prefactor exp(—Z(%) v 25), where m
is the effective mass, 7 is the reduced Planck’s constant, y is
the mean tunneling barrier height presented by the oxide,
and  is the interfacial oxide thickness.*' Using y in units of
eV and ¢ in units of A, the constants in the prefactor are
approximately equal to 1, and the prefactor is typically writ-
ten as exp(—y">4), as given in Eq. (1).*' Note that this trans-
mission coefficient is assumed to be independent of bias.?'
This prefactor can be obtained by comparing the experimen-
tally measured reverse saturation current and the theoreti-
cally calculated value,'® which yields %6 ~ 9 eV’? A.

Next, we extract the values of n, ®p, and R from the
forward-bias -V characteristics using a modified version of
Cheung’s method,'” taking into account the interfacial oxide
layer. This method enables the determination of these impor-
tant Schottky diode parameters from a single forward-bias /-
V measurement at a fixed temperature. Rearranging Eq. (1),
we get'”
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n J
V =R,AJ + n®p + -1 , 2
+n B + ﬁ n<A**T2 exp(x“é)) ( )
where J = I/A is the current density and f§ = ¢/kT. Taking the
derivative of Eq. (2) and rearranging, we get'’

av n
——— =RAJ +-—. 3
dinJ ’ JJF/? )

It can be seen from Eq. (3) that plotting dV/dInJ vs. J gives a
straight line, where the series resistance R, can be extracted
from the slope and the ideality factor » from the y- intercept.
dVidinJ vs. J plot of a graphene/Si device is plotted by the
blue data points in Fig. 2. From the linear fit indicated by the
dashed line, we extract n=38.1 and R;=1.12kQ. Extracting
the ideality factor values using the same method from devi-
ces with different contact areas, we get an average value of
n=28.9. We can also define a function H(J) as'’

n J
H(J) =V- Eln (A**TZ eXp(_XO.Sé)

A plot of H(J) vs. J also gives a straight line, where the series
resistance R can be extracted from the slope and the
Schottky barrier height @y from the y-intercept. The red data
points in Fig. 2 show the H(J) vs. J plot for the same device
as in the dV/dInJ vs. J plot. The dashed line shows the linear
fit of the experimental data, resulting in ®3=0.47eV and
Ry =1.14kQ. Extracting the barrier height values using the
same method from devices with different contact areas, we
get a similar average value of ®3=0.47eV. The Schottky
barrier height extracted from the forward-bias data using
Cheung’s method shows excellent agreement with the zero-
bias barrier height value of 0.48 eV previously obtained by
analyzing the temperature dependence of the reverse satura-
tion current.'® Furthermore, the series resistance value
extracted from the H(J) vs. J plot agrees very well with the
value obtained from the dV/dInJ vs. J plot.

Values of n greater than unity could result due to several
reasons: (1) Transport processes other than thermionic emis-
sion such as thermionic field emission, (2) image force

) = R,AJ + n®p. (4)
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FIG. 2. Plots of dV/dInJ (left y-axis) and H(J) (right y-axis) as a function of
current density J calculated from forward bias /-V characteristics of the gra-
phene/Si device using the equations in the text. The dashed lines show the
linear fits to the experimental data.
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lowering of the Schottky barrier, (3) a bias dependent
Schottky barrier height due to the bias dependence of the
graphene Fermi level, (4) Schottky barrier inhomogene-
ities>** due to charge puddles on graphene, which have
been experimentally observed recently at graphene/silicon
carbide junctions,>* and (5) the presence of the interfacial
oxide layer.”>*® The first two factors typically result in an
ideality factor close to 1, and as discussed below, the third
factor can be neglected under forward bias, leaving Schottky
barrier inhomogeneities and the presence of the interfacial
native oxide layer as the major contributors to the large n
values observed in our devices.

Now, we consider the effect of the interfacial layer in
more detail. The forward-bias voltage V consists of two com-
ponents: The voltage across the interfacial layer V; and the
voltage across the depletion region of the semiconductor.
The ideality factor due to the interfacial layer is given by
}1 =1- %.21’26 The change of the voltage across the interfa-
cial layer with applied bias, dV;/dV, is also affected by the
presence of interface states and surface fixed charge. As a
result, the ideality factor can be substantially increased by
the presence of the interfacial oxide layer.?'® The ideality
factors reported in the literature for graphene on both n-type
and p-type Si substrates range from 1.08 to 33.5.27%
Recently, it was shown that etching the top layer of the copper
foil used as the substrate in graphene growth minimizes metal-
lic impurities and results in n values close to 1. The wide
range of n values reported in the literature could be attributed
to the fluctuations in the interfacial layer properties such as the
interfacial layer thickness, interface states, surface fixed
charge, and impurities. This implies that the electronic proper-
ties of the graphene/Si Schottky junctions could be improved
by optimizing the processing and fabrication conditions.

Next, we discuss the modulation of the graphene Fermi
level with applied bias. Unlike conventional metals, the low
density of states in graphene leads to the modulation of the
graphene Fermi level and hence the Schottky barrier height
®p with applied bias.'®**>° The change in the depletion
charge in silicon with applied bias leads to an equal and op-
posite change in the charge induced in graphene, which then
shifts the graphene Fermi level.'® This modulation becomes
most pronounced under high reverse bias. However, under
forward bias, a large change is not expected since the actual
voltage drop across the junction is small. For our devices,
the change in the Schottky barrier height under forward bias
is estimated to be no more than a few meV. As a result, the
effect of the bias dependence of the graphene Fermi level
can be neglected under forward bias, as mentioned above.

We also performed noise measurements on the gra-
phene/Si Schottky devices at various values of forward and
reverse bias. Schottky junction devices are widely used as
key components for signal detection and mixing. Therefore,
in addition to the diode parameters extracted from /-V data,
electronic noise and fluctuations in these devices are also of
critical importance.®'* Study of low frequency excess noise
plays a significant role not only because it is one of the key
parameters that limit the overall device performance but also
it is a powerful tool to probe and understand the electronic
transport in these devices.
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Figures 3(a) and 3(b) show the current noise power
spectral density S; of a graphene/Si device at bias magni-
tudes ranging from 1V to 2.5V under forward and reverse
bias, respectively. As we can see from the figures, the noise
spectra in both forward and reverse bias show 1/f-type
behavior. 1/f noise, which has been widely observed in both
bulk semiconductors and junctions, can be described by the
following equation:>*

®)

where « is the noise amplitude, / is the DC current, f is fre-
quency, and f and y are constant exponents. Power law fits
to the experimental data show that for forward bias [Fig.
3(a)], y=1.12-1.18, and for reverse bias [Fig. 3(b)],
y=1.14-1.21. The extracted y values close to 1 confirm the
1/f-type noise behavior.

Shot noise is also frequently observed in Schottky
diodes with a constant spectral density given by S’ = 24l
where ¢ is the electronic charge. For the values of I in our
devices, S;’W is much smaller than the 1/f noise in the fre-
quency range measured. As a result, the shot noise contribu-
tion can be neglected and the total noise in these devices is
1/f-limited.
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FIG. 3. Current noise spectral density of the graphene/silicon Schottky junc-
tion device measured at different voltage magnitudes as labeled in the plots,
under (a) forward-bias and (b) reverse-bias, showing that the noise is 1/flim-
ited in both cases.
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We further studied the current dependence of S;, which
is shown in Fig. 4 as the red and blue points for forward and
reverse bias, respectively. For forward bias, the power law fit
results in f=1.19. This extracted f value agrees with the
theoretical model of 1/f noise in forward-biased Schottky
barrier diodes operating in the thermionic emission mode,
which approximately predicts S; oc 1.>* This model, which
attributes noise to carrier mobility fluctuations within the
depletion region, has been proven to be valid in forward-
biased Schottky junctions composed of other materials, as
well 3433 However, for reverse bias, the power law fit to the
experimental data yields f=2.20. This could be explained
by Schottky barrier height fluctuations due to carrier trapping
and de-trapping, which has been shown to yield S; < I2.*" A
similar current dependence has been observed for reverse-
biased carbon nanotube film-silicon Schottky junctions.’

Finally, we characterized the photoresponse of reverse-
biased graphene/Si Schottky devices. The responsivity R of a
photodetector is defined as the photocurrent generated per
unit incident optical power, i.e., R = Lyjo0 /Piye. Figure 5(a)
shows the spectral responsivity of a graphene/Si device in
the visible and near-infrared region at a reverse bias magni-
tude of 1 V. As we can see from the figure, the peak respon-
sivity of the device is about 0.13 A/W. The dotted lines in
the figure correspond to various values of the external quan-
tum efficiency (QE) of the photodetector (in percent) defined
as 1), = 2R where R is the responsivity in units of A/W
and / is the wavelength of the incident light in units of um.
As we can see from the figure, the peak quantum efficiency
of the device is higher than 25%. These responsivity and QE
values are similar to those reported for graphene-based pho-
tovoltaic detectors,'*'>**® as well as Schottky barrier pho-
todetectors based on other materials such as AlGaN, GaN,
and Zn0.**~*? Furthermore, both the responsivity and the
quantum efficiency of graphene/Si Schottky junction devices
are higher than those of carbon nanotube film/Si Schottky
devices reported previously.'® The main factors limiting the
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FIG. 4. S; as a function of the DC current / measured at 10 Hz for both
forward-bias (red circles, right y-axis, top x-axis) and reverse-bias (blue
squares, left y-axis, bottom x-axis). The dashed lines show the power-law
fits to the experimental data, resulting in exponents of 1.19 and 2.20 for for-
ward and reverse bias, respectively.
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FIG. 5. (a) Spectral responsivity of a graphene/Si device at a reverse bias
magnitude of 1V, showing a peak responsivity value of about 0.13 A/W.
The solid line is a guide for the eye and the dashed lines show various exter-
nal quantum efficiency (QE) values ranging from 5% to 30%. (b) Relative
photoresponse spectrum of the same graphene/silicon device as in part (a),
as a function of the optical chopper frequency at a reverse bias magnitude of
1V and an incident wavelength of 633 nm.

responsivity of the graphene/Si Schottky junctions are reflec-
tion at the top surface of the device, recombination of the
generated electron-hole pairs, particularly at the graphene/
silicon interface, and absorption of photons outside of the
depletion region. The responsivity could be increased by
using an antireflection coating, improving the interface prop-
erties, and optimizing the silicon substrate doping.

We also characterized the relative photoresponse of our
devices at different optical chopper frequencies, which we
define as Ggp = 201log,((R¢/Ro), where R, and R are the
responsivity at a chopper frequency of f and at steady-state
(f=0), respectively. The spectral relative photoresponse of
the graphene/Si device in Fig. 5(a) is shown in Fig. 5(b) at a
reverse bias magnitude of 1V and an incident wavelength of
633 nm. The bandwidth B of the photodetector can be esti-
mated as the frequency at which the level of the relative pho-
toresponse is —3 dB. From Fig. 5(b), this corresponds to a
bandwidth of B ~ 1 kHz. This value of the bandwidth is com-
parable to or slightly better than other graphene-based photo-
voltaic detectors'*'>2%3% and is significantly higher than
that of the photodetector fabricated with CNT film/Si
Schottky junctions.'” However, it is worth noting that this
bandwidth is still lower than conventional silicon p-n or
Schottky junction photodetectors. This could be due to
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defects and traps at the graphene/Si interface introduced dur-
ing the fabrication process. The interfacial native oxide layer
could also be a contributing factor to the low bandwidth.'***
This implies that the bandwidth of the graphene/Si Schottky
junction photodetectors could be improved by further opti-
mizing and controlling the processing and fabrication
conditions.

Another important figure of merit for a photodetector is
the NEP, which is a measure of the minimum detectable sig-
nal. NEP is defined as the incident optical power required to
produce a signal to noise ratio of unity in a bandwidth of
1 Hz, given by

NEP = 1<ei2> , (6)

where R is the responsivity and (i?) is the total square noise
current. Neglecting the noise below 1 Hz (which is not meas-
ured), the latter is given by>?***?

B
(i*) ~ JSI(f)df, ©)
1

where Sj is given by Eq. (5) and B is the bandwidth. By inte-
grating the power law fit to the experimental Sy data of Fig.
3(b), we get NEP=2.6 x 107°W at 1V reverse bias and
633 nm incident light. Finally, the normalized detectivity of
the graphene/Si Schottky junction photodetector can be cal-
culated from

NEP

where A is the effective device area. The calculated detectiv-
ity of the graphene/Si device is 1.2 x 10° cm Hz'?W ™!,
which is higher than that of the photodetector fabricated with
CNT film/Si Schottky junctions.'® It is worth emphasizing
that, in previous work on graphene-based photovoltaic detec-
tors, NEP and D" values have almost always been calculated
by assuming that shot noise is the major contributor to the
total noise,ls’%‘38 which results in much lower NEP and
much higher D" values. As we have shown, 1/f noise domi-
nates the total noise in these devices, and hence the NEP and
D" values quoted in previous work are more optimistic than
experimentally observed.

IV. CONCLUSIONS

In conclusion, we fabricated and characterized the elec-
tronic and optoelectronic properties of CVD-grown monolayer
graphene/p-type silicon metal-semiconductor Schottky junc-
tions. The values of the ideality factor, Schottky barrier
height, and series resistance were extracted using Cheung’s
method modified to take into account the interfacial native
oxide layer between graphene and silicon. It was found that
the ideality factor n can be substantially increased by the
presence of the interfacial oxide layer. Low frequency noise,
under both forward and reverse bias, exhibited 1/f limited
behavior, and the shot noise contribution was found to be
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negligible in the frequency range measured. The forward-
bias current noise showed S; o< I dependence, which agrees
with the theoretical model of 1/f noise for forward-biased
Schottky diodes operating in the thermionic emission mode.
The reverse-bias current noise showed S; o< I> dependence,
suggesting that barrier height fluctuations start to play an im-
portant role under reverse bias. The spectral photoresponse
of the device exhibited a peak responsivity of around 0.13 A/W
and external quantum efficiency higher than 25%. The band-
width of the photodetector was extracted to be ~1kHz from
the measurements of the relative photoresponse spectrum
using an optical chopper. Using the results from the noise
and photoresponse measurements, the normalized detectivity
was calculated to be 1.2 x 10° cm Hz"> W', These results
provide important insights into the electronic and optoelec-
tronic properties of graphene/Si Schottky junctions and the
interfacial oxide layer that could be present between gra-
phene and silicon. These results also show that graphene
holds promise as a transparent and conductive electrode
compatible with silicon technology and that there is signifi-
cant room for improvement by optimizing the processing
and fabrication conditions.
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