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Graphene/semi-insulating single 
crystal CdTe Schottky-type 
heterojunction X- and γ-Ray 
Radiation Detectors
V. V. Brus1,2, O. L. Maslyanchuk1, M. M. Solovan   1, P. D. Maryanchuk1, I. Fodchuk1, 
V. A. Gnatyuk3,4, N. D. Vakhnyak3, S. V. Melnychuk1 & T. Aoki4

We developed a new concept of X- and γ-ray radiation semiconductor detectors based on a large 
area graphene/semi-insulating single crystal CdTe Schottky-type heterojunction. These two terminal 
electronic devices can be easily fabricated by forming a Van der Waals contact between large area 
chemical vapor deposited graphene and CdTe substrates in air and at room temperature. This approach 
significantly reduces the fabrication cost and improves the reproducibility and stability of electrical 
properties. A detailed analysis of their AC and DC electrical properties was carried out in order to 
determine the width of the space charge region and dominant charge transport mechanisms at 
reverse bias. The unoptimized graphene/CdTe heterojunction detectors exhibited a promising spectral 
resolution of 241Am (59 keV) and 137Cs (662 keV) isotope radiation at room temperature.

Graphene is a promising candidate for applications in the form of the front electrical contact for radiation detec-
tors widely employed in science, engineering, medicine, and other fields. An atomically thin layer of graphene 
would not disturb low energy X-rays on their way to the active layer. Moreover, the relatively high sheet resistance 
of pristine single-layer graphene will not be a drawback due to the low electrical signal currents generated in 
radiation detectors or photodiodes1 as opposite to solar cells2,3. Owing to large atomic numbers of the compound 
components (48 for Cd and 52 for Te), the operation range of CdTe detectors extends to a higher photon energy 
region (up to 1 MeV) in comparison to Si detectors, and its wider band gap (1.46 eV at 300 K) results in a broad 
temperature operating range of CdTe detectors without intentional cooling4,5. Despite significant technical suc-
cesses, some problems concerning physical properties of Schottky diodes based on high-resistivity materials have 
not yet been solved. High-resistivity CdTe single crystals suffer from significant temperature instabilities and 
uncontrollable time fluctuations of electrical characteristics due to polarization and compensation processes6–12.

Recently, gated graphene field effect transistors, fabricated on intrinsic CdTe were proposed as sensors of ion-
izing radiation13. However, best to our knowledge, there are no reports on two-terminal graphene/single crystal 
CdTe Schottky-type heterojunction X/γ-ray detectors.

This study aims to prepare novel graphene/single crystal CdTe heterojunction radiation detectors excluding 
undesirable vacuum deposition processes and technological heat treatments that may induce surface defects and 
modify the compensation level in the bulk of the CdTe active layer. Features of their impedance spectra and DC 
current-voltage characteristics were analyzed in details. Also, their spectroscopic detecting characteristics were 
measured at different reverse bias and room temperature.

Results and Discussions
AC characteristics.  The schematic representation and AC equivalent circuit of the graphene/CdTe/Au 
Schottky-type heterojunction are shown in Fig. 1.
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Taking into account the device architecture of the detectors the following capacitances should be considered: 
Ci is the insulator capacitance, Cb is the barrier capacitance of the graphene/CdTe region, Cb′ is the barrier capac-
itance of the graphene/insulator/CdTe region.
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where εі = 3 is the dielectric constant of the organic dielectric layer; di = 20 μm is the thickness of the insulator 
layer; Ас = 0.14 cm2 is the area of the insulator layer under graphene.
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where εCdTe = 10.2 is the dielectric constant of CdTe, W is the width of the space charge region that is one of the 
key parameters of the Schottky-type semiconductor detectors.
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where Ab = 0.09 cm2 is the area of the graphene/CdTe region.
The measured equivalent capacitance of the mentioned capacitors is Cm = Cb + C′ (as shown in Fig. 1b) where 
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Therefore, the measured equivalent capacitance Cm is given as:
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Now Cm should be determined from the experimentally measured impedance spectra of the graphene/CdTe/
Au detector at zero bias. It is known that the impedance of the equivalent circuit in Fig. 1b is determined by the 
following expression14,15:
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where ω = 2πν is the cyclic frequency. After transformations, equation (6) becomes:
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where Z′ and Z″ are the real (active) and imaginary (reactive) parts of the impedance, respectively:

Figure 1.  (a) Schematic representation of the device configuration of the graphene/CdTe/Au detectors. An 
image of the actual device is shown in Fig. S1 in the Supporting Information. (b) AC equivalent circuit of the 
graphene/CdTe/Au device under investigation. Here, Rs denotes the series resistance, Rd denotes the differential 
resistance, Ci denotes the insulator capacitance, Cb denotes the barrier capacitance of the graphene/CdTe region, 
Cb′ denotes the barrier capacitance of the graphene/insulator/CdTe region.
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It should be noted that the series resistance Rs is not included in equation (9). This allows determining Cm 
without taking into account the effect of the Rs, which becomes significant at high frequencies16. Equation (9) 
reveals that the spectral distribution of the imaginary component Z″ of the measured impedance is represented 
by a curve with a minimum (see Fig. 2). The characteristic frequency ωmin at which the imaginary part of the 
measured impedance reaches its minimum value can be determined from the spectral dependence of the first 
derivative dZ″/dω (Fig. 2):
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where τ = CmRd is the characteristic time. The value of ωmin can be accurately determined from the inset in Fig. 2.
According to equations (9) and (11) the minimum value of the imaginary component of the measured imped-

ance |Z″min| is determined by Rd:
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Therefore, the true value of Cm can be calculated as follows:
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Values of the depletion region resistance Rd = 2|Z″min| = 94 ΜΩ and the barrier capacitance Cm = 7.3 × 10−12 F 
were determined from the analysis of the spectral distribution of the imaginary part of the measured impedance 
of the graphene/CdTe/Au devices.

By substituting equation (3) in (5), the letter equation can be rearranged in the following form:
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Where A = Ab + Ac = 0.25 cm2. Equation (14) is a quadratic equation with respect to W and can be rewritten in a 
simple form:

Figure 2.  Spectral dependence of the absolute value of the imaginary part Z″ of the measured impedance of the 
graphene/CdTe/Au detector. The insert reveals the derivative dZ″/dω vs. ω.
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The calculated width of the space charge region at zero bias WV=0 = 0.18 mm.
It is known that W is governed by equation (20) 17:
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where Vbi ≈ 0.7 V denotes the built-in voltage, which is estimated as the difference between the work functions 
of the graphene and gold electrodes18,19 (see Fig. S2 in the Supporting Information), V is the applied voltage, ± 
denotes for the reverse and forward bias, respectively, NA − ND is the concentration of uncompensated acceptors 
in the CdTe substrate. Since WV=0 has already been determined we can calculate NA − ND:
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Now, using the calculated value of NA − ND = 2.89 × 1010 cm−3, it is possible to estimate W as a function of 
reverse bias using equation (20) (see Fig. 3).

As seen in Fig. 3 the CdTe substrate (0.5 mm thick) is completely depleted at just −5.4 V. The further rise of 
the applied reverse bias should result in a more efficient separation and extraction of generated electron-hole 
pairs and, consequently, to the higher detecting energy resolution. However, a relatively large reverse current 
(background electrical noise) might be a drawback on the way toward high-quality graphene/CdTe detectors. 
Therefore, the dominant charge transport mechanisms through the graphene/CdTe interface at reverse bias 
should be investigated in details.

DC characteristics.  The graphene/CdTe/Au structures exhibit rectifying properties (see Fig. S3 in the 
Supporting Information). The smaller reverse current is measured when a positive potential is applied to the 
graphene electrode.

At small bias (V < 1 − 2 V) a small leakage current determines the I–V curve. This is clearly demonstrated by 
the reverse I–V characteristic presented in double logarithmic (log-log) coordinates in Fig. 4.

With increasing reverse bias, the current transport is determined by the generation current within the deple-
tion region in the CdTe substrate. The reverse current exhibits a square root dependence on the applied bias (I ~ 

Figure 3.  The width of the space charge region of the graphene/CdTe/Au detectors vs. applied reverse bias.
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V1/2) that is determined by the voltage dependence of the width of the depletion region (W ~ V1/2). This type of I–V 
characteristics is described by the generation-recombination mechanism in the scope of the Sah-Noyce-Shockley 
model, adapted for a metal-semiconductor contact20,21. It should be noted that the square root I–V dependence 
dominates only up to 7 V. This feature of the I–V characteristic well correlates with the previously analyzed AC 
characteristic which predicts that the CdTe substrate is wholly depleted at reverse bias ≥5.4 V.

At reverse bias V > 7 V, electric current is determined by the electrical resistance of the bulk of the 
semi-insulating CdTe substrate that corresponds to the linear I–V characteristic up to the reverse bias of 120 V. 
With the further increase of the reverse bias, the concentration of injected holes from the graphene electrode 
becomes enough high to form an uncompensated space charge that changes the dominant charge transport 
mechanism from the Ohmic to the space charge limited current. As a consequence, the reverse current at large 
bias follows the space charge limited current model in the presence of traps (I ~ V2.3)22. We have already shown 
that the graphene/CdTe interface is of high quality in comparison to other interfaces formed by the vacuum dep-
osition of metal oxide or nitride films on CdTe substrates (Fig. S3 in Supporting Information). Therefore, there is 
still a room for the improvement of bulk properties of the CdTe single crystal substrates by reducing the density 
of defects, which form energy levels in the band gap and act as traps for free charge carriers.

Energy resolution.  Figure 5a reveals 241Am spectrum, measured by the graphene/CdTe/Au detector at 
300 K. The spectrum exhibits a relatively weak energy resolution (21% FWHM at the reverse bias of 100 V). 
However, the signal from 137Cs isotope (662 keV) is measured with a very promising resolution of 6.1% at the 
same reverse bias (see Fig. 5b) that is slightly better in comparison to a conventional In/CdTe/Pt detector, meas-
ured at the same temperature of 300 K23.

Figure 4.  Reverse I–V characteristic of the graphene/CdTe/Au structure, measured in the wide voltage range.

Figure 5.  Spectra of 241Am (59 keV) (a) and 137Cs (662 keV) (b) X-ray sources taken with the graphene/CdTe/
Au detector at 300 K.
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The energy resolution (FWHM) of detectors strongly depends on the applied voltage. The voltage depend-
ences of FWHM slightly vary for different detectors. Many parameters determine the energy resolution of X- and 
γ-ray semiconductor detectors: the attenuation length of X-rays with a given energy, the background electrical 
noise (dark background current) and the charge collecting efficiency. In their turn, the dominant charge transport 
mechanisms and charge collection efficiency depend on active material, electrical contacts (surface recombina-
tion), recombination lifetime, electron and hole mobility, and strength of the internal electrical field (applied 
bias divided by the active layer thickness)6,24–26. Therefore, different semiconductor detectors exhibit different 
voltage dependence of their energy resolution. There is the optimal bias voltage for each detector at which the 
energy resolution and detected signal reach their best values since at low bias the FWHM is more significant due 
to the insufficient strength of the electric field, and at high bias - due to the excessive background current through 
the detector. As seen in Fig. 6, the highest resolution of the graphene/CdTe/Au detector is reached at 100 V and 
drops rapidly with increasing voltage due to a sharp increase in the reverse background current of the detector 
(see Fig. 4).

State-of-the-art commercial CdTe X-ray detectors (Ametek) with an energy resolution in the range of 
FWHM = 1% operate under a two-stage thermoelectric cooling that significantly reduces electrical noise and 
allows to increase operating voltages up to 500 V27. The thermoelectric cooler cools both the CdTe detector and 
the input field effect transistor (FET) of the charge sensitive preamplifier improving its noise-to-signal ratio. All 
measurements in our study were carried out at 300 K. Our detectors were not optimized, and we did not use a 
photolithography prepared guard ring protection against the surface leakage. Therefore, the measured relatively 
low energy resolution is quite reasonable and almost identical to that of wider band gap CdZnTe-based detectors, 
operated at the same temperature, but much higher DC bias of 450 V28.

Conclusions
We proposed a new concept of a Schottky-type semiconductor heterojunction detectors based on a Van der Waals 
contact between large area CVD-grown graphene and semi-insulating single crystal CdTe. The proposed low-cost 
and vacuum-free device fabrication process was tailored to skip the undesirable technological heat, which may 
detrimentally affect the electrical properties and level of compensation in semi-insulating CdTe single crystals 
leading to uncontrollable and irreproducible characteristics of the detectors based on them.

There was developed a quantitative model for the AC characteristics of proposed graphene/CdTe/Au detectors 
in the scope of the equivalent circuit, which takes into account the features of their device architecture. The devel-
oped model was successfully employed to determine the real values of the crucial parameters relevant to Schottky 
diode-type semiconductor detectors: the width of the space charge region at zero bias WV=0 = 0.18 mm and the 
concentration of uncompensated acceptors NA−ND = 2.89 × 1010 cm−3 in the semi-insulating CdTe active mate-
rial. Also, the dominant charge transport mechanisms through the detectors were determined at a wide range of 
reverse bias, which are in good correlation with the previously determined AC characteristics.

Even the unoptimized graphene/CdTe detectors exhibited a promising spectral resolution, specifically, for a 
137Cs (662 keV) isotope with the FWHM of about 6% at the reverse bias of 100 V and room temperature.

Figure 6.  Spectra of the 137Cs isotope taken with the graphene/CdTe/Au detector at different voltages 
(T = 300 K). The inset shows the effect of the bias voltage on the FWHM of the photopeaks (662 keV) in the 
137Cs isotope spectra.
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Methods
High quality and large area graphene was grown by the chemical vapor deposition (CVD) technique on copper 
foil. After mechanical polishing, the Cu foil was cleaned in an ultrasonic bath of acetone, and isopropyl alco-
hol etched in acetic acid and rinsed in deionized water. Then, the Cu foil was transferred to a growth furnace. 
The native oxide layer of the Cu foil was removed by annealing the substrates to high temperatures and expos-
ing the surface to a flow of ultra-pure hydrogen gas. In a second step, methane (CH4) was added to the hydro-
gen gas flow to start growing graphene. The graphene was deposited at a temperature of 1050 °C. After cooling 
down, the graphene layers were transferred to the prepared CdTe substrates. For this purpose, the graphene 
layer was protected with a thin polymer layer, which was spin-coated on top of the graphene-Cu stack. Then, 
the Cu substrate was etched off using a concentrated ammonium persulfate ((NH4)2S2O8) water solution. The 
remaining polymer-graphene layer stack was rinsed several times using deionized water to remove residual 
impurities resulting from the etching procedure. Afterword, the polymer protected graphene layer was trans-
ferred onto the CdTe substrate, and the polymer layer was dissolved by rinsing in ethyl acetate (Fig. 7). In the 
course of our research, graphene was transferred onto commercially available detector-grade (111) oriented 
CdTe wafers (Acrorad Co., Ltd.) with the area of 5 × 5 mm2 and thickness of 0.5 mm. The resistivity of the CdTe 
active material is ρ = (1.4 − 2) × 109 Ω cm at room temperature that is close to the resistivity of the intrinsic CdTe 
ρi = 4 × 109 Ω cm, i.e., the semi-insulating CdTe material under investigation can be considered as an almost 
intrinsic semiconductor.

It should be mentioned that the XRD symmetric 111 reflectivity measurements revealed a significant reduc-
tion of surface deformations at the graphene/CdTe interface in comparison to other interfaces between the CdTe 
substrates and vacuum deposited MoO, TiO, and TiN thin films. This indicates that the graphene/CdTe interface 
is less favorable for undesirable surface recombination losses (see Fig. S4 in Supporting Information).

A gold film was deposited onto the CdTe surface by the reduction of an aqueous solution of gold chloride in 
order to prepare the back electrical contact.

The impedance spectra and I–V characteristics of the prepared graphene/CdTe/Au detectors were measured 
within a wide range of frequencies and bias voltage at different temperatures by a standard LCR meter and high 
voltage source meter, respectively.

The detecting properties of the graphene/7CdTe heterojunctions were measured at room temperature using 
137Cs (662 keV) and 241Am (59 keV) X-ray sources by a charge-sensitive amplifier AMPTEK A250 in combination 
with a multichannel analyzer MCA8000A. The measurements were carried out at different biases and with the 
shaping time of 1 μs.
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