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Abstract— This study focuses on the abnormal peaks observed 

in voltage-dependent capacitance graphs and negative 

capacitance behaviours of the GaAs-based MIS devices for the 

unirradiated sample and after exposing the device to 5 and 10 

kGy ionizing (gamma) radiation doses. Experimental results 

showed that the amplitude of the abnormal peaks, observed at 

about 1.75 V, increases with the irradiation dose. The peak point 

was also shifted toward the positive biases after irradiation. 

Furthermore, the conductance values increased rapidly and 

reached their maximum level, while the capacitance values 

reached their minimum level in the high voltage biases. It is 

known that this situation is directly related to the inductive 

behaviour of the MIS devices. However, it has been determined 

that the MIS device's inductive behaviour is more effective after 

irradiation. These behaviours can be observed because of the 

ionization process, the MIS device's series resistance, surface 

states, and due to some displacement damages caused by ionizing 

radiation. Therefore, the series resistance and the radiation-

induced surface states were obtained to clarify the impact of 

radiation on the device. It was seen that the radiation-induced 

surface states changed around 3x1012 eV-1cm-2 for the maximum 

cumulative dose (10 kGy), and the series resistance values 

changed to less than 2 Ω. As a result, the degradation in the 

GaAs-based MIS device was determined to be insignificant for 10 

kGy doses. Therefore, this MIS device can be safely used as an 

electronic component in radiation environments such as nuclear 

plants and satellite systems. 

 
 

Index Terms— Abnormal/Anomalous peak, GaAs-based 

devices, Ionizing radiation, MIS devices, Negative capacitance.  

 

I. INTRODUCTION 

T IS KNOWN THAT Schottky diodes/structures are 

obtained by contacting metal and semiconductor (M/S) 

materials with or without oxide/insulator or ferroelectric 

interlayers [1]. These structures are also the basis of many 

electronic devices, such as photodiodes, photodetectors, 

transistors, and solar cells [2]. Interfacial layers can be grown 

between the M/S interface by native or some special methods 

[3]–[5]. Many ways are used to deposit an interfacial layer, 

such as the sol-gel method [6], [7], chemical vapour 
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deposition [8], electrospinning [9], [10], molecular beam layer 

deposition [11], and spin coating [12] as well as other 

techniques [13]. In this study, the oxide layer was grown by a 

natural method due to the stable behaviour of the Si and SiO2 

combination [5]. The oxide interlayer also controls 

interdiffusions between the M/S interface and prevents 

possible chemical reactions. Furthermore, the devices can gain 

better capacitive features due to the dielectric effect of the 

oxide interfacial layer [14]. 

 When the interfacial layer obtained using an oxide or an 

insulating material in the devices is thinner than 500 Å, this 

device can be used as a diode [15]. Such devices are referred 

to as Schottky diode/structure due to the critical works in this 

area proposed by W. H. Schottky. If the thickness of the 

oxide/insulator interlayer is greater than 500 Å, such a 

structure is defined as a capacitor rather than a diode. It is 

well-known that these devices cannot provide carrier 

conduction at the M/S interface and, therefore, can store 

electrical charges and energy [15], [16]. In this study, the 

thickness of the natural oxide layer for the Au/n-GaAs/Au-Ge 

type Schottky device was obtained as approximately 23.4 Å 

using Nicollian and Goetzberger calculation method [17]. 

Therefore, it can be defined as a metal-insulator-

semiconductor (MIS) type Schottky diode or MIS device. 

GaAs in the III-V semiconductor group have a wide-direct 

bandgap and high saturation velocity. GaAs-based designs are 

also high-speed and low-power consumption devices because 

of their high mobility, which is approximately six times higher 

than silicon [2], [18]. These properties make it highly suitable 

for fabricating M/S-type Schottky devices and make GaAs 

preferable as a semiconductor for high-power devices used at 

high frequencies [1], [19], [20]. On the other hand, it has been 

reported in some previous studies that GaAs-based devices are 

less affected by radiation damage than other devices [21]. 

Therefore, GaAs-based materials could be critical devices for 

future improvement technology. As a result, this study, which 

aims to understand the radiation impact of GaAs-based 

devices for attractive voltage regions, is crucial because of the 

need to reliably/safely use devices that can operate under 

radiation, such as biomedical devices and satellite systems or 

nuclear plant devices. 

As well as optoelectronic applications [22], there are many 

reports on Schottky devices with various interfacial layers to 

obtain devices with better electrical and dielectric properties 

[23]–[28]. However, it is essential to investigate the ionizing 

radiation effects of such devices, especially GaAs-based 

devices, because of their superior features and interesting 

characteristic behaviours, especially at sufficient high positive 

voltages (accumulation region). When the voltage-dependent 
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capacitance (C-V) characteristics of GaAs-based devices are 

examined at sufficiently forward biases, it becomes possible to 

encounter negative capacitance values in this voltage region. 

Negative capacitance phenome can occur because of the series 

resistance, surface stages, and minority carrier injection [29], 

[30]. The relaxation times of the surface states can also affect 

negative capacitance behaviour depending on frequency [31], 

[32]. On the other hand, some advantages of the negative 

capacitance effect in ferroelectric materials and the advantages 

of this effect have become an important topic in recent years 

[33]. And many studies have been carried out on these 

subjects [29]–[34]. However, the ionizing radiation effects of 

such devices have not been adequately studied, especially in 

sufficient forward biases where negative capacitance values 

are observed. Therefore, it is predictable that this study can 

significantly contribute to the literature to understand the 

device's radiation dependency, which has negative capacitance 

and anomalous/abnormal peak behaviour. 

The type and dose of the ionizing radiation can affect the 

devices' electrical, optoelectronic, and dielectric features [28]. 

Many energetic particles, such as neutrons, alpha, and beta, as 

well as electromagnetic radiations, such as 𝛸 and 𝛾 rays, are in 

the category of ionizing radiation. These high energy sources 

(ionizing radiation sources), which emit energetic photons of 

approximately 1 MeV, can cause events called displacement 

damage in electronic devices [35]. Displacement damage, 

defined as the separation of atoms from the standard lattice 

regions in the target material, can lead to new energy levels 

formation in the semiconductor band gap. Briefly stated, 

displacement damage caused by ionizing radiations leads to 

considerable changes in devices' electrical, optoelectronic, and 

dielectric features, which makes the reliability of devices used 

in radiation environments questionable. Therefore, the 

radiation effects of the electronic devices which possible use 

under ionizing radiation needs to be carefully studied and 

understood. The best way to understand these effects is to 

examine the device's voltage-dependent capacitance-

conductance (C-G/ω-V) characteristics and other voltage-

dependent current (I-V) characteristics. Since this study 

focuses on the negative capacitance behaviour with the 

abnormal peak phenomenon observed in C-V graphs, only the 

C-V and G/ω-V graphs of the GaAs-based MIS device have 

been discussed with some critical device parameters such as 

surface states (Nss) and the series resistance (Rs). 

II. MATERIALS AND METHODS 

The fabrication processes of the GaAs-based with a natural 

oxide layer MIS device can be summarized in several primary 

stages. The first step is the chemical cleaning process applied 

to remove organic and metallic impurities from the surface of 

a (100) oriented n-type GaAs wafer. At this stage, the wafer 

was first degreased for about five minutes in some organic 

solvent mixtures well known in the literature and then etched 

several times in some solutions. At each step, the wafer was 

quenched in deionized water. Upon completion of the 

chemical cleaning process, it was quickly dried in a nitrogen 

gas environment. 

In the second stage, before the formation of the ohmic 

contact, gold (Au) metal was doped with Ge to obtain a high-

quality ohmic contact [36]. Then the Au-Ge mixture (88% Au 

and 12% Ge) was evaporated onto the matte (back) surface of 

the n-type GaAs wafer in a high vacuum system. Afterwards, 

the n-GaAs/Au-Ge wafer was annealed at 450°C for about six-

seven minutes in nitrogen ambient to reduce the ohmic contact 

resistivity, and 200 nm thick ohmic contact was obtained. 

Before proceeding to the Schottky contact process in the third 

stage of the production process, the wafer was kept in a clean 

room for a few days. Thus, the formation of a very thin natural 

oxide layer (≈ 2.3 nm) was allowed. 

In the final stage of the production process, the Au metal 

with 99.999% purity was evaporated to the masked front 

surface of the n-type GaAs/Au-Ge wafer using the thermal 

metal evaporation system. Thus, many Schottky contacts with 

a thickness of 200 nm and an area of 7.85x10-3 cm2 were 

obtained. So, the production process of the Au/(n-type 

GaAs)/Au-Ge with natural oxide layer (GaAs-based MIS 

devices) was completed. The schematic view of the produced 

GaAs-based MIS device can be seen in Fig. (1). 

 

 
Fig.1. The representative view of the GaAs-based MIS device. 

 

The GaAs-based MIS device's voltage-dependent 

capacitance and conductance values were obtained for the 

unirradiated sample (0 kGy) and after 5 and 10 kGy radiation 

doses for a wide voltage range (± 4 V) after the production 

process. The vpf-475 cryostat was used for measurements to 

rule out possible external influences, and Hewlett Packard 

Impedance Analyzer was used to obtain C-G/ω-V data. On the 

other hand, the Ob-Servo Sanguis 60Co irradiation source 

located in Ankara was used to expose the devices to ionizing 

radiation (gamma rays). Detailed information for the 

measuring system can also be available [37]. The C-G/𝜔-V 

data for the unirradiated sample and after the irradiation 

processes were obtained at the high (500 kHz) frequency to 

eliminate fabrication-induced Nss [38]. These measurements 

were carried out in the laboratory located at the Gazi 

University Photonics Application and Research Center. 

III. RESULTS AND DISCUSSION 

Some previous studies have shown that traps/charges can 

significantly change C-G/𝜔 values, especially at low 

frequencies below 500 kHz, because they can easily track the 

ac signal [39]. However, at high frequencies (f ≥ 500 kHz), 

these traps/loads cannot track the ac signal and therefore do 

not cause significant changes in C-G/𝜔 values [31]. Another 

well-known fact is that the C-G/𝜔-V curves of the MIS/MOS 

devices are highly sensitive to ionizing radiation at high 

frequencies due to small capacitance/conductance values, 

mostly in the order of nF/pF. In addition, the disappearance of 

the effects of fabrication-induced surface conditions can be 
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shown as another reason for this situation. Therefore, the C-

G/𝜔-V data obtained at high frequency can give us essential 

information about the radiation effects of the MIS devices. 

The typical behaviour of the capacitance curves of an 

MIS/MOS device is given in the reference [40], and there are 

three regions, known in the literature as depletion, inversion, 

and accumulation regions, in these characteristics. Typical 

capacitance characteristics can also be divided into five areas: 

depletion (voltages around 0 V), weak accumulation-inversion 

(small positive-negative voltages), and strong accumulation-

inversion (high positive-negative voltages) regions. The 

capacitance values in the high positive voltages can be 

considered almost independent of voltage in the ideal case. 

Their values also exhibit a curve behaviour almost 

independent of the frequency in the weak 

accumulation/inversion regions [41]. However, because of the 

surface states and accumulated charges, capacitance values 

can easily change depending on the frequency in the depletion 

region. It is known that the GaAs-based MIS devices' C-V 

characteristics may exhibit negative behaviour or a concave 

curvature in the accumulation region due to the surface/dipole 

polarization, series resistance, and the interlayer growing 

between the M/S interface. 

Voltage- and radiation-dependent C-G/ω-V curves given in 

Fig. (2) show that ionizing irradiation significantly affects the 

capacitance and conductance curves, especially in the 

accumulation and depletion regions. Besides, abnormal peak 

behaviours at about 1.75 V in the capacitance curves are 

striking for unirradiated measurements after each irradiation 

dose. On the other hand, all capacitance curves crossed at 

approximately 3.25 V, and these curves started to take 

negative values. It can also be seen in Fig. (2) that the peak 

point of the capacitance curves is shifted towards the positive 

voltages, and the amplitude of these peaks increases with the 

increase in gamma-ray amounts. These behaviours can be 

observed because of the ionization processes, the MIS device's 

series resistance, and surface states located between the M/S 

interface, as well as due to some effects (displacement 

damages) of ionizing radiation [29], [42]–[44].  

The capacitance and conductance graphs show that while 

capacitance values decrease, conductance values increase with 

increasing biases in the high positive voltages. The 

conductance values also increase with increasing irradiation 

doses. Briefly stated, the conductance values increased rapidly 

and reached their maximum value, while the capacitance 

values reached their minimum value in the strong 

accumulation region. It is possible to say that this situation 

directly shows the inductive behaviour of the MIS devices. 

The behaviour of the negative capacitance values and 

increasing conductance values, depending on the increase in 

the radiation dose, also indicate that the inductive effect of the 

MIS device becomes more pronounced under ionizing 

radiation. Nevertheless, it is necessary to thoroughly examine 

the voltage-dependent resistance curves (Ri-V) and radiation-

induced surface states to understand which parameter(s) cause 

these behaviours. Therefore, this issue should be reconsidered 

when discussing the Ri-V and radiation-dependent Nss-V 

graphs. 

 

 

 
Fig.2a. The behaviour of the GaAs-based MIS device's capacitance curves 

under radiation. 

 

 

 
Fig.2b. The behaviour of the GaAs-based MIS device's conductance curves 

under radiation. 

 

 

 
Fig.2c. The capacitance and conductance curves for the unirradiated sample. 
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Fig.2d. The capacitance and conductance curves for 10 kGy radiation doses. 

 

The Nicollian and Brews method 

( ) can be used in order to obtain 

Ri-V curves from the C-G/ω-V data, and so the actual series 

resistance values (Rs) for MIS devices can be determined from 

the high positive voltages of these curves [45]. Fig. (3), given 

Ri-V curves, shows that Ri values did not show a significant 

change depending on the radiation dose when viewed in terms 

of the curve shape in all regions. Besides, these curves showed 

peaks in the depletion region and remained almost constant in 

the high positive voltages where actual series resistance values 

are obtained. In brief, the Rs values vary as 8.74, 7.88, and 

6.82 Ω for 0, 5, and 10 kGy ionizing (gamma) radiation doses. 

Such a peak behaviour in Ri-V curves, thought to be due to 

the particular distribution of Nss, has occurred in many devices 

[46]–[48]. However, due to the different effects of gamma 

irradiation on the devices, it has been determined that the 

series resistance values and peak amplitude may decrease or 

increase after the radiation process. The reduction in Rs values 

may be due to radiation defects and/or the annealing effect. On 

the other hand, the increasing behaviour is usually the result of 

the device's tendency to degrade under radiation. As a result, 

the reduction in Rs values under ionizing radiation of this MIS 

device is meagre and shows that the device is not prone to 

deterioration. Ionizing radiation changed the carrier mobility 

and free carrier concentration in the MIS device; therefore, a 

decrease in Rs values occurred. These effects have led to an 

increase in the conductance values in the high positive 

voltages. 

In the previous paragraph, attention has been drawn to some 

resistance effects. However, it is necessary to obtain correct 

capacitance-conductance values (CC-GC/ω), which are 

eliminated Rs effects, and radiation-inducted Nss to determine 

all results of the series resistance on the behaviour of the 

device's electrical characteristics. It is known that the CC and 

GC/𝜔 values can be obtained from Eqs. (1-3). Thus, the effects 

of Rs for each voltage region can be revealed. Therefore some 

graphs about the correct capacitance-conductance curves are 

obtained given in Figs. (5a-5d). 

On the other hand, the high-low frequency method, which is 

used to calculate surface states, can also be used to obtain 

radiation-induced Nss (provided in Eq. (4)) for all voltage 

biases [49]. Thus, the graphs of the radiation-induced Nss that 

depend on voltage bias are determined and given in Fig. (4). 

 

 (1) 

 (2) 

 (3) 

 

(4) 

 

Here, Cbefore represents the capacitance value of the 

unirradiated device, while Cafter corresponds to the capacitance 

value of the irradiated sample at different doses. Cox also 

corresponds to oxide layer capacitance. On the other hand, the 

interlayer capacitance (Ci) can be calculated from the C-G/ω-

V data, and other parameters are also well-known in the 

literature ( ). 

 

 

 
Fig.3. The GaAs-based MIS device's Ri-V curves under radiation. 

 

 

 
Fig.4. The behaviour of radiation-induced surface states for GaAs-based MIS 

device. 
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Fig.5a. The Cm-Cc-V graphs of the GaAs-based MIS device for the 

unirradiated sample. 

 

 

 
Fig.5b. The Gm/ω-Gc/ω-V graphs of the GaAs-based MIS device for the 

unirradiated sample. 

 

 

 

 
Fig.5c. The Cm-Cc-V graphs of the GaAs-based MIS device after 10 kGy 

radiation doses. 

 
Fig.5d. The Gm/ω-Gc/ω-V graphs of the GaAs-based MIS device after 10 

kGy radiation doses. 

 

As shown in Figs. (5a-5d), the capacitance and conductance 

values increase significantly when the Rs effect is neglected in 

the positive voltages, and the peak points of the capacitance 

curves shift towards the positive biases. The GC/𝜔-V features 

also give a peak before and after irradiation, although there 

aren’t any peaks in the Gm/𝜔-V curves. These peaks in GC/𝜔-V 

properties caused by interface traps indicate that charge 

transfer can occur via diffusion at the M/S interface 

(mechanical tunnelling mechanism). Briefly, series resistance 

can seriously affect the devices' capacitance and conductance 

characteristics. Furthermore, it can hide the interface trap 

effects, especially in the depletion region. 

When the radiation-induced surface states are examined, it 

can be seen that they increase depending on the radiation dose 

and give a peak of around two volts depending on the voltage 

biases. In conclusion, the shifts in the capacitance curves and 

the peaks in conductance curves indicate the changing trap 

charge density with the gamma-radiation effect. The shifting 

of the CC-GC/ω–V characteristics compared to the measured 

C–G/ω–V curves also indicate charge trapping in the interlayer 

for the irradiated sample. 

The accumulated charges in the interlayer (oxide) result in 

MIS devices' degradation under ionizing radiation. This 

degradation is because of the change in silicon dioxide's 

chemical and physical features as well as the passivation of 

dangling bonds. The generation of trap centres is also possibly 

responsible for feature differences [50]. However, when the 

radiation-induced Nss is examined (at about 3x1012 eV-1cm-2), 

it can be seen that its level is not very high for pinning the 

fermi energy level [50] under the maximum cumulative dose 

of gamma-irradiation. The level of the Rs is also deficient, and 

it changes less than 2 Ω (from 8.74 to 6.82 Ω) for the 

maximum radiation doses (10 kGy). Therefore, it is possible to 

say that the degradation in this MIS device is insignificant, 

and it can be used as an electronic component in ionizing 

(gamma) radiation environments with an irradiation dose of 

around 10 kGy. 
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IV. CONCLUSION 

The C-V graphs of MIS/MOS devices, especially GaAs-

based devices, may exhibit negative behaviour or a concave 

curvature in the high voltage biases. Negative capacitance 

values indicate that the inductive effect of the device is more 

pressure than the capacitive effect. In this study, the GaAs-

based MIS device (Au/n-GaAs/Au-Ge with natural oxide 

layer) was produced, and its capacitance and conductance data 

were obtained for 0 (unirradiated sample), 5 and 10 kGy 

ionizing (gamma) radiation doses. Thus, this study focuses on 

the negative capacitance phenomenon of MIS devices under 

ionizing radiation, and experimental results show that 

abnormal peaks were observed in C-V graphs, and the peak 

point shifted toward the positive biases after the device was 

exposed to gamma irradiation. On the other hand, the 

conductance values increased rapidly and reached their 

maximum value, while the capacitance values reached their 

minimum value in the high voltage biases. This situation is 

directly related to the MIS devices' inductive behaviour, which 

was determined to be more effective after irradiation. Such 

behaviours can be observed because of the ionization process, 

the MIS devices' series resistance, surface states between the 

M/S interface, and some displacement damages caused by 

ionizing radiation. 

The actual series resistance values with Ri-V curves, correct 

capacitance-conductance graphs, and the radiation-induced 

surface states were also obtained to clarify the effects of 

radiation on the device. And results show that the capacitance 

and conductance values increase significantly when the Rs 

effect is neglected (after the correction process), especially in 

the positive voltages. The peak points of the capacitance 

curves shift towards the positive biases. Furthermore, the 

GC/𝜔-V graphs give a peak before and after irradiation, 

although there aren’t any peaks in the Gm/𝜔-V curves. 

Therefore, it can be said that the Rs can seriously affect the 

devices' capacitance and conductance characteristics.  

In conclusion, the radiation-induced surface states changed 

around 3x1012 eV-1cm-2 for the maximum cumulative dose (10 

kGy), and the actual resistance values changed to 8.74, 7.88, 

and 6.82 Ω for 0, 5, and 10 kGy amounts, respectively. 

Shortly, the degradation rate in the device was found to be 

negligible. Therefore, this MIS device can be safely used as an 

electronic component in some radiation environments, such as 

space, where operating satellite systems, and nuclear plants, at 

gamma irradiation doses of around 10 kGy. 
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