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Using capacitance-voltage (C-V) and conductance-voltage (G/ω-V) measurements, the electrical properties of Cu/
n-InP Schottky diodes were investigated. The values of C and G/ω were found to decrease with increasing frequency. 
The presence of interface states might cause excess capacitance, leading to frequency dispersion. The negative 
capacitance was observed under a forward bias voltage, which may be due to contact injection, interface states or 
minority-carrier injection. The barrier heights from C-V measurements were found to depend on the frequency. In 
particular, the barrier height at 200 kHz was found to be 0.65 eV, which was similar to the flat band barrier height of 
0.66 eV. 
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1. INTRODUCTION

InP and related materials have attracted attention in the fab-
rication of optoelectronic, microwave, and high power and high 
speed electronic devices, due to their direct band gap, good 
temperature stability, high frequency response and high electron 
saturation velocity [1-3]. When realizing such devices, metal-
semiconductor (MS) and metal-insulator-semiconductor (MIS) 
type Schottky contacts are frequently used, and it is thus neces-
sary to understand the electrical properties of MS and MIS inter-
faces in detail. However, a complete description of charge carrier 
transport through MS and MIS contacts is yet to be obtained. 

Capacitance-voltage (C-V) and conductance-voltage (G/ω-V) 
measurements can be used to evaluate the electrical properties 
of Schottky junctions. For example, C-V measurements will show 
an increase in capacitance with increasing forward bias voltage, 
which can be quite different at low and moderate frequencies in 
the depletion and accumulation regions, due to carriers in inter-
face states, the presence of an interfacial insulator layer and the 

series resistance [4]. Interestingly, an anomalous peak and nega-
tive capacitance in the forward bias region have been observed 
for many electronic devices [5-10]. Demet et al. found that the 
negative capacitance of Au/n-GaAs Schottky contacts may be 
explained by polarization (especially at low frequencies) and the 
introduction of more carriers to the structure [5]. Temperature-
dependent negative capacitance behavior of Al/rhodamine-101/
n-GaAs Schottky diodes has been observed, and it has been ex-
plained by the loss of interface charges localized at the MS inter-
face through the impact ionization process [8]. Zhu et al. showed 
that the negative capacitance behavior in light-emitting diodes 
(LEDs) was highly related to injected carrier recombination in 
the active region of luminescence [9]. Jones et al. attributed the 
negative capacitance to the relaxation-like nature of the mate-
rial [10]. Although there have been a number of studies on the 
physical origin of negative capacitance, it has not yet been fully 
confirmed. In this work, the C-V and G/ω-V characteristics of Cu/
n-InP Schottky contacts were explored and a detailed analysis is 
presented based on the results. 

2. EXPERIMENTAL

Single-side polished undoped (unintentionally n-type doped) 
InP (100) wafer (thickness: 350 μm), with a carrier concentra-
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tion of ~1 × 1016 cm-3 was used as a starting material. The wafer 
was cut into small pieces and then cleaned. Then, 100 nm-thick 
Cu films were deposited onto the polished side as Schottky 
contacts using radio-frequency (RF) magnetron sputtering 
through a shadow mask with an exposed diameter of 500 μm. 
For ohmic contacts, 150 nm-thick Al metal was deposited over 
the entire back surface of the samples. Current-voltage (I-V) and 
capacitance-voltage (C-V) measurements were carried out at 
room temperature using a Keithley 238 current source and an HP 
4284A LCR meter.

3. RESULTS AND DISCUSSION

Figure 1 shows a typical semilogarithmic I-V curve measured 
at room temperature. The diode showed a rectifying characteris-
tic with a rectifying ratio of 1 × 104 at ± 0.5 V. The Schottky barrier 
height (SBH, ΦB) and ideality factor (n) were determined from 
the forward bias I-V curve, based on the thermionic emission (TE) 
model [4]. The forward I-V analysis produced a barrier height 
of 0.54 eV and an ideality factor of 1.27. C-V measurements per-
formed using the Keithley 4200 SCS instrument by other research 
groups yielded a similar negative capacitance, indicating that 
the origin of negative capacitance is more likely to be related to 
interface charges than measurement errors. If the work function 
of Cu (ΦM = 4.65 eV [11]) and the electron affinity of InP (χS = 4.4 
eV [12]) are considered, the Schottky-Mott relationship (ΦB = ΦM 
- χS) yields a barrier height of about 0.25 eV, which is much lower 

than the barrier height obtained from the I-V measurements. 
Fermi-level pinning at energies 0.4-0.5 eV below the conduction 
band edge of the n-type InP can lead to a barrier height as great 
as 0.5 eV [13]. A higher ideality factor than unity also implies the 
combined effect of the insulator layer and interface states [14]. 

When the thermionic field emission (TFE) or field emis-
sion (FE) model controls the current transport, the for-
ward bias currents are described as 0exp( / )I qV E∝ , where 

0 00 00coth( / )E E E kT=  is a parameter dependent on barrier trans-
parency and E00 is the characteristic energy related to the tunnel-
ing probability [15]. The value of E00 determines the dominant 
current transport mechanism, with TE observed for E00/kT<<1, 
TFE for E00/kT~1, and FE for E00/kT>>1 [16]. Considering the kT 
value of 25.9 meV at room temperature, the value of E00 obtained 
from the I-V curve suggests tunneling effects, resulting from the 
presence of the insulator layer and/or interface states.

Figure 2 shows the C-V curve measured at 1 MHz. The ca-
pacitance increased slowly with decreasing reverse bias voltage, 
indicating that the width of the depletion layer varied with the 
applied bias voltage. The C-V curve also revealed an anomalous 
peak with increasing bias voltage, associated with the distribu-
tion of deep traps in the gap, the series resistance, and interface 
states [17,18]. The inset in Fig. 2 shows that negative capacitance 
was observed under a forward bias. C-V measurements were 
performed on several diodes to check whether the negative ca-
pacitance arises from variations between each diode; however, 
a similar negative capacitance behavior was observed in all 
samples. Frequency dependent C-V and G/ω-V characteristics of 
Cu/n-InP Schottky junctions were measured under various fre-
quency ranges. 

Figure 3 shows that the values of C and G/ω decreased with 
increasing frequency. At low frequencies, the interface states can 
follow the a.c. signal, which yields an excess capacitance and 
conductance that depends on the frequency. At high frequencies, 
the interface states cannot follow the a.c. signal, reducing the 
contribution of interface states to the total capacitance. This fre-
quency dispersion can also be associated with the formation of 
an inhomogeneous layer at the MS interface. The capacitance of 
such layers connected in series with the oxide capacitance may 
cause frequency dispersion. 

The values of negative capacitance shown in Fig. 3 were ob-
served with increasing forward applied voltage for all frequen-
cies. The physical mechanisms of the negative capacitance in 
different devices have been associated with the contact injec-
tion, interface states or minority-carrier injection [19,20]. Wu 
et al. stated that the negative capacitance can be explained by 
considering the loss of interface charge at occupied states below 

Fig. 2. Capacitance-voltage (C-V) characteristic measured at 1 MHz. 
The inset shows the magnified C-V characteristic under forward bias 
conditions. 

Fig. 1. Semilogarithmic current density-voltage (J-V) curve measured 
at room temperature.

Fig. 3. (a) C-V and (b) conductance-voltage (G/ω-V) characteristics 
measured at different frequencies. 
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the Fermi level due to impact ionization. Instrumental problems 
such as parasitic inductance or poor measurement experiment 
calibration have also been considered to explain the negative 
capacitance [21]. The existence of interface states, the interfacial 
layer at the MS interface, and the series resistance of the device 
have been provided as other explanations for the negative capac-
itance [22]. Another explanation is that when the forward bias 
voltage reaches a maximum value, the effect of recombination 
exceeds that of diffusion and then the contact capacitance de-
creases rapidly, becoming negative [23]. The lower value of nega-
tive capacitance in Fig. 3(a), at lower frequencies in the forward 
bias region, can be attributed to an inductive contribution to the 
impedance resulting from the high-level injection of minority 
carriers into the bulk semiconductor [24].

As shown in Fig. 3, the change in the C and G/ω values be-
came more significant in the forward bias region than in the 
reverse bias region. Hence, values of C and G/ω with different 
bias voltages were investigated in more detail. The capacitance-
frequency (C-f) and conductance-frequency (G/ω-f) characteris-
tics for different applied d.c. bias voltages of 0, 0.5 and 1.0 V are 
shown in Figs. 4 and 5. The values of C and G/ω were higher at 0 
V compared to other bias voltages and these values were almost 
the same at 0.5 and 1.0 V. It can also be seen that the decrease 
in C corresponds to an increase in G/ω. The increase in the G/ω 
value at a low frequency can be explained by the increase in the 
number of charge carriers available for a given relaxation time of 
the interface states [5]. In Au/n-Si Schottky diodes, Bati et al. ob-
served an excess capacitance arising from the diffusion of minor-
ity carriers and they explained that the presence of an interfacial 

layer at the MS interface increased the capacitance with decreas-
ing frequency due to the interface states [25]. Therefore, such C 
and G/ω behaviors with applied bias voltage and frequency can 
result from the influence of interface states. 

The C-V characteristics under reverse bias were used to ob-
tain the barrier heights of the Schottky diodes. The relationship 
between the capacitance and the applied voltage in Schottky 
diodes is given by [4]

(1)

where Vbi is the built-in potential, χS is the dielectric constant 
of the semiconductor, ε0 is the permittivity in vacuum, and ND 
is the donor concentration. The carrier concentration can be 
extracted from the slope of a plot of A2/C2 vs. V, as shown in Fig. 

6. The SBH can be obtained from ( )
0 /C V

B V kT qφ ξ− = + + , where 
V0 is the intercept on the voltage axis according to Eq. (1), and 
ξ[ ( / ) ln( / )C DkT q N Nξ = ] is the energy difference between the 
conduction band and the Fermi level. Here, NC is the effective 
density of states in the conduction band (NC = 5.7 × 1017 cm-3 in 
InP). 

Figure 6 shows that the barrier height at 1 MHz can be more 
than 5 eV, which is unacceptably high. When a thin oxide layer is 
present, an increase in the barrier height in C-V measurements 
can be expected [26]. It is likely that the measurement error due 
to the series resistance at 1 MHz is significant. To reduce such an 
error, the barrier heights were obtained at lower frequencies, of 
100 and 10 kHz. The obtained carrier concentration was found to 
be about 1.45 × 1016 cm-3, which is similar to the value provided by 
the manufacturer. The barrier heights were then calculated to be 
0.55 and 0.52 eV at 100 and 10 kHz, respectively. The inset in Fig. 6 
shows the measured resistance values according to the bias voltage 
at 100 and 10 kHz. The resistances approached almost constant 
values above 0.4 V, corresponding to the series resistance. The av-
erage value of series resistance was about 18 Ω, similar to the value 
of 17.5 Ω obtained from the I-V measurement shown in Fig. 1. 

The fundamental or flat band barrier height was also calcu-
lated using the ideality factor (n) and the effective barrier height 
(ΦB), given by the TE model [27]:

 (2)
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( 1) / ln( / )Bf B C Dn n kT q N Nφ φ= − −

Fig. 5. C-f and G/ω-f characteristics measured at d.c. bias voltages of 
0.5 and 1.0 V. 

Fig. 6. A2/C2 vs. V plots measured at (a) 1 MHz, 100 kHz, and 10 kHz 
and (b) 200 kHz. The inset in Fig. 6 (a) shows the resistance values 
measured at frequencies of 100 and 10 kHz.

Fig. 4. Capacitance-frequency (C-f) and conductance-frequency (G/
ω-f) characteristics measured at a d.c. bias voltage of 0 V. 
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The electric field in the semiconductor was zero under the 
flat band condition and the effects of tunneling and image force 
lowering on the I-V characteristics were negligible. Using Eq. (2), 
the flat band barrier height was found to be 0.66 eV, which was 
higher than the barrier heights obtained from both the I-V and 
C-V measurements. To explain this discrepancy, the C-V data 
measured at 200 kHz was also analyzed, as shown in Fig. 6(b). 
The barrier height at 200 kHz was found to be 0.65 eV, which was 
similar to the flat band barrier height. The C-V data at 500 kHz 
was also analyzed and the barrier height was found to be 1.05 
eV, which was higher than the flat band barrier height. At low 
frequencies (below 100 kHz), the interface states that followed 
the a.c. signal caused an excess capacitance, leading to a lower 
barrier height. At high frequencies (> 500 kHz), the interface 
states cannot follow the a.c. signal, but the presence of a native 
oxide layer and the effect of series resistance probably produced 
a barrier height greater than the flat band barrier height. In other 
words, the contribution of excess capacitance to total capaci-
tance at higher frequencies was insignificant. Instead of I-V char-
acteristics, this work focused more on analyzing the C-V charac-
teristics using various measurement conditions. The results can 
be useful in diagnosing the properties of Schottky diodes. For 
example, the barrier height obtained from different frequencies 
is related to the presence of interface traps and/or the insula-
tor layer. Then, the improvement of device performance can be 
achieved by reducing the density of interface traps. 

4. CONCLUSIONS

The electrical properties of Cu/n-InP Schottky junctions were 
investigated using C-V and G/ω-V measurements. It was found 
that the values of C and G/ω decreased with increasing frequency. 
Such a frequency dispersion in the values of C and G/ω might be 
associated with the presence of interface states. Negative capaci-
tance was observed under forward bias conditions. The origin 
of the negative capacitance may be related to contact injection, 
interface states or minority-carrier injection. The barrier heights 
from C-V measurements were found to depend on the measure-
ment frequency. The flat band barrier height was found to be 0.66 
eV, which was similar to the barrier height of 0.65 eV at 200 kHz. 

ACKNOWLEDGMENT

This study was supported by the Research Program funded 
by the Seoul National University of Science and Technology 
(Seoultech).

REFERENCES

[1]  Y. Wang, X. Yang, T. He, Y. Gao, H. Demir, X. Sun, and H. Sun, 
Appl. Phys. Lett., 102, 021917 (2013). [DOI: http://dx.doi.
org/10.1063/1.4776702]

[2]  P. Cova, A. Sing, A. medina, and R. Masut, Solid State Elec-
tron., 42, 477 (1997). [DOI: http://dx.doi.org/ 10.1016/S0038-
1101(97)00250-5]

[3]  A. Sing, K. Reinhardt, and W. Anderson, J. Appl. Phys., 68, 3475 
(1990). [DOI: http://dx.doi.org/10.1063/1.346358] 

[4]  S. Sze, Physics of Semiconductor Devices (Wiley, New York, 

1981).
[5]  D. Korucu, A. Turut, and S. Altındal, Curr. Appl. Phys., 13, 1101 

(2013). [DOI: http://dx.doi.org/10.1016/j.cap.2013.03.001]
[6]  C. Lungenschmied, E. Ehrenfreund, and N. Sariciftci, Organic 

Electron., 10, 115 (2009). [DOI: http://dx.doi.org/10.1016/
j.orgel.2008.10.011]

[7]  R. Gharbi, M. Abdelkrim, M. Fathallah, E. Tresso, S. Ferrero, C. 
Pirri, and T. Brahim, Solid State Electron., 50, 367 (2006). [DOI: 
http://dx.doi.org/10.1016/j.sse.2006.02.009]

[8]  Ö. Vural, Y. Şafak, A. Türüt, and Ş. Altındal, J. Alloy Compd., 
5 1 3 ,  1 0 7  ( 2 0 1 2 ) .  [ D O I :  h t t p : / / d x . d o i . o r g / 1 0 . 1 0 1 6 /
j.jallcom.2011.09.101]

[9]  C. Zhu, L. Feng, C. Wang, H. Cong, G. Zhang, Z. Yang, and Z. 
Chen, Solid State Electron., 53, 324 (2009). [DOI: http://dx.doi.
org/10.1016/j.sse.2009.01.002]

[10]  B. Jones, J. Santanat, and M. McPherson, Solid State Comm., 
107, 47 (1998). [DOI: http://dx.doi.org/10.1016/S0038-
1098(98)00162-8]

[11]  H. Michaelson, J. Appl. Phys., 48, 4729 (1977). [http://dx.doi.
org/10.1063/1.323539] 

[12]  T. Fischer, Phys. Rev. ,  142 ,  519 (1966). [http://dx.doi.
org/10.1103/PhysRev.142.519]

[13]  L. Brillson, C. Brucker, A. Katnani, N. Stoffel, R. Daniels, and 
G. Margaritondo, J. Vac. Sci. Technol., 21, 564 (1982). [http://
dx.doi.org/10.1116/1.571764].

[14]  R. Tung, Mater. Sci. Eng. R, 35, 1 (2001). [http://dx.doi.
org/10.1016/S0927-796X(01)00037-7]

[15]  E. Rhoderick and R. Williams, Metal-Semiconductor Contacts, 
2nd ed. (Clarendon, Oxford, 1988).

[16]  Y. Yu, Solid State Electron., 13, 239 (1970). [http://dx.doi.
org/10.1016/0038-1101(70)90056-0]

[17]  S. Aydogan, K. Çınar, H. Asıl, C. Coskun, and A. Türüt, J. Alloys 
Compd., 476, 913 (2009). [DOI: http://dx.doi.org/10.1016/
j.jallcom.2008.09.131]

[18]  P. Chattopadhyay, and B. Raychaudhuri, Solid State Elec-
tron., 36, 605 (1993). [DOI: http://dx.doi.org/10.1016/0038-
1101(93)90272-R]

[19]  X. Wu, E. Yang, and H. Evans, J. Appl. Phys., 68, 2845 (1990). [DOI: 
http://dx.doi.org/10.1063/1.346442]

[20]  A. Perera, W. Shen, M. Ershov, H. Liu, M. Buchanan, and W. 
Schaff, Appl. Phys. Lett., 74, 3167 (1999). [DOI: http://dx.doi.
org/10.1063/1.124169]

[21]  K. Butcher, T. Tansley, and D. Alexiev, Solid State Electron., 
39 ,  333 (1996). [DOI: http://dx.doi.org/10.1016/0038-
1101(95)00143-3]

[22]  S. Altindal, and H. Uslu, J. Appl. Phys., 109, 074503 (2011). [DOI: 
http://dx.doi.org/10.1063/1.3554479]

[23]  M. Gökçen, H. Altuntas, S. Altindal, and S. Özcelik, Mater. 
Sci. Semicond. Process., 15, 41 (2012). [DOI: http://dx.doi.
org/10.1016/j.mssp.2011.08.001]

[24]  E. Arslan, Y. Şafak, Ş. Altındal, Ö. Kelekçi, and E. Özbay, J. Non-
Cryst. Solids, 356, 1006 (2010). [DOI: http://dx.doi.org/10.1016/
j.jnoncrysol.2010.01.024

[25]  B. Bati, Ç. Nuhoğlu, M. Sağlam, E. Ayyildiz, and A. Türüt, Phys. 
Scr., 61, 209 (2000). [DOI: http://dx.doi.org/10.1238/Physica.
Regular.061a00209]

[26]  D. Shroder, Semiconductor Materials and Device Characteriza-
tion (John and Wiley & Sons, New York, 2006).

[27]  L. Wagner, R. Young, and A. Sugerman, IEEE Electron De-
vice Lett., 4, 320 (1983). [DOI: http://dx.doi.org/10.1109/
EDL.1983.25748]


