
8184 IEEE SENSORS JOURNAL, VOL. 23, NO. 8, 15 APRIL 2023

The Electrical Characteristics of the
Co/Giemsa/n-Si Heterostructure Depending on
Measurement Temperatures and Frequencies

Adem Kocyigit , Sakir Aydogan, Ümit Incekara, and Mehmet Yılmaz

Abstract—Giemsa dye was used as an interlayer film
structure between Co metal and n-type silicon to fabri-
cate Co/giemsa/n-Si heterostructure to determine various
electrical behaviors. For that reason, temperature-dependent
current voltage (I –V) and frequency-dependent capacitance
voltage (C –V) measurements were employed to reveal electri-
cal properties of the Co/giemsa/n-Si heterostructure for wide
range temperature and frequency. Various junction parame-
ters such as series resistance, barrier height, and ideality
factor values were determined from I –V characteristics by thermionic emission (TE), Cheung, and Norde methods.
The results revealed that the junction parameters were strong function of the measurement temperature. Frequency
dependent C –V characteristics were also utilized for extraction of various electrical parameters such as maximum
electric field, depletion width, barrier height, etc. The results highlighted that all electrical parameters changed as
function of the frequency and voltage. The Co/giemsa/n-Si heterostructure can be improved for thermal sensing and
switching applications.

Index Terms— Electrical characterization, frequency dependent C –V characteristics, giemsa, temperature-dependent
I –V characteristics, thermal sensitivity.

I. INTRODUCTION

SEMICONDUCTOR materials are important for electronic
and control applications because of their easy adjustability

behavior of conductivity [1], [2]. The semiconductors can be
employed as substrate materials for various devices or used
for fabricating heterostructures with insulator, semiconductor,
or metals [3], [4], [5]. When they contact to the metal,
either ohmic or metallic contact behaviors occur depend-
ing on the work function of the metal and semiconductor
in the case of lacking of interface states [6]. The perfor-
mance and applicability of the device changes depend on
the interface in the contact formed between a metal and a
semiconductor [7]. Thus, the interface of the contact should
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be controlled very carefully. The insulator or metal oxide
interfacial layers between the metal and the semiconductor
are used sometimes to control electrical behaviors of the
metal semiconductor heterostructure, and various polymer or
insulating materials such as pentacene, chitosan, hematoxylin,
aniline blue, or congo red have been successfully used for
that reason [8], [9], [10]. Dye-based organic materials are
much more advantageous in optical, electrical, and thermal
applications compared to inorganic materials in terms of low
cost, easy preparation, and use in flexible electronics [11].
Giemsa is a mixture of methylene blue, Azure B, and eosin
dyes that stand out with their interesting electrical and optical
properties [12], [13], [14], [15], [16], [17]. It also can be
employed as interlayer for metal semiconductor heterostruc-
tures to control electrical behaviors because it has good photo-
thermal stability and strong optical absorption in the ultraviolet
(UV)-Visible region [18].

The characterization of the metal-semiconductor het-
erostructures can be made by I –V and C–V measurements
depending on the light power intensity, measurement tem-
perature, or frequency to investigate their electrical behav-
iors and to reveal their various applications [19], [20], [21].
While the temperature-dependent I –V characteristics provide
to understand electrical conduction mechanism, frequency-
dependent C–V characteristics help to discover dielectric
behaviors [22], [23], [24], [25].
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According to our best knowledge, there is not any applica-
tion of the giemsa in the metal semiconductor heterostruc-
tures in the literature. In this article, giemsa was used as
interfacial layer between Co and n-Si, and Co/giemsa/n-Si
heterostructure was characterized by I –V and C–V measure-
ments depending on temperature and frequency to find out
electrical properties for thermal sensing applications.

II. MATERIALS AND METHODS
Giemsa was purchased and used directly without purifi-

cation procedure to obtain giemsa film layer between the
Co and n-Si. Giemsa was dissolved in water by stirring
for 1 h at 80 ◦C temperature. Meanwhile, a commercially
purchased one-side polished n-type silicon wafer with (100)
crystal orientation was sliced to 2 × 1 cm2 pieces and cleaned
in acetone, isopropanol, and distilled water by an ultrasonic
cleaner for 30 min. Furthermore, HF:H2O (1:10) mix solution
were employed to remove natural oxide layers on the pieces in
a 30 s. Then, the wafer pieces were put into thermal evaporator
to obtain a 100 nm thick Al back contact on the unpolished
surfaces of the pieces at 5 × 10−6 torr pressure. The pieces
were then annealed for 5 min to achieve ohmic contact in
a nitrogen filled oven at 450 ◦C temperature. The giemsa
solution was dropped onto polished surfaces of the pieces and
spined at 3000 rpm for 30 s by a spin coater. The pieces were
transferred again into thermal evaporator to acquire metallic
or Schottky contact on the giemsa layer by a hole array mask
which have 7.85 × 10−3 cm2 hole areas. Thus, Co/giemsa/
n-Si heterostructure was fabricated.

Keithley 487 Picoammeter/Voltage Source meter was used
to collect I –V data of the Co/giemsa/n-Si heterostructure in a
temperature-controlled cryostat system in a temperature range
of 100 and 460 K with 20 K steps. Frequency-dependent
C–V measurements were obtained by HP 4192A LF
impedance analyzer system for the frequency of 100 kHz,
200 kHz, 500 kHz, 1 MHz, 2 MHz, and 3 MHz.

III. RESULTS AND DISCUSSION
The lnI –V plots of the Co/giemsa/n-Si heterostructure

have been shown in Fig. 1(a) for changing temperature
from 100 to 460 K. While the forward bias current did
not change so much by increasing temperature, reverse bias
current increased almost periodically up to 100 folds. The
Co/giemsa/n-Si heterostructure can be thought as thermal
sensor at reverse biases due to increasing current as a result
of increasing temperature [26], [27]. The heterostructure also
exhibited good rectifying behavior which is important for
stopping reverse current. The rectification ratio (RR) values
were calculated for ±1.5 V and listed in Table I. The changes
of the RR values have been given in Fig. 1(b) depending
on the increasing temperature. The RR values decreased
exponentially and almost reached constant value after 360 K
temperature. The Co/giemsa/n-Si heterostructure has high RR
values even if beyond 360 K temperature. In addition, giemsa
has a positive effect on the interface, as can be seen from the
I –V measurements at room temperature of devices with and
without interfaces (in Fig. 1(b) inset). For example, while the
ideality factor was 1.98 at 300 K for the device with giemsa,

Fig. 1. (a) ln I–V plots of the Co/giemsa/n-Si heterostructure for various
temperatures and (b) changing RR values by increasing temperature,
and inset figure shows comparison of Co/giemsa/n-Si with Co/n-Si (ref.)
in terms of I–V characteristics.

it was calculated as 3.08 for the device without giemsa. This
can be explained by the passivation at the interface or the
restructuring of the interface states [28], [29].

The threshold voltage is important for heterostructures to
turn on the current through the device, and low thresh-
old voltage values are desired [30]. The threshold voltage
changes of the Co/giemsa/n-Si heterostructure depending on
the measurement temperature have been shown in Fig. 2(a).
The threshold voltage values decreased almost linearly by
increasing temperature like ref. [31]. This result confirmed
that the heterostructure have linear response to the temper-
ature changes and can be used thermal sensing applications.
I –V characteristics of the Co/giemsa/n-Si heterostructure were
used to determine various parameters such as barrier height
(Φb), ideality factor (n), and series resistance values (Rs) by
thermionic emission (TE) theory, Norde, and Cheung methods.
According to TE theory, while the n values decrease by
increasing temperature, the Φb values increase. The calculation
formulas of the n and Φb according to TE theory can be
found in the literature [32], [33]. Fig. 2(b) indicates barrier
height and ideality factor changes of the Co/giemsa/n-Si het-
erostructure by changing temperature. Whereas the Φb values
increased linearly, the n values decreased almost exponentially
due to non-linear changes of dV/dlnI . Furthermore, satura-
tion current (Io) of the Co/giemsa/n-Si heterostructure has
increased by increasing measurement temperature. The n, Φb,
and Io values have been given in Table I depending on the
increasing temperature.
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TABLE I
CALCULATED DEVICE PARAMETERS OF THE CO/GIEMSA/n-SI DEVICE FOR THE TE THEORY, CHEUNG, AND NORDE METHODS

Fig. 2. (a) Changing of the threshold voltage and (b) variation of the n
and Φb values of the Co/giemsa/n-Si heterostructure depending on the
measurement temperature.

Junction resistance (R j ) describes heterostructure of whole
resistance. The R j can be obtained by formula of R j =

dV/dI from I –V measurements [34]. While the reverse bias
region represents shunt resistance (Rsh), forward bias region
resistance shows series resistance (Rs) in the R j –V plots.
While the Rsh is related to contact-semiconductor interface,

Fig. 3. Rj–V plots of the Co/giemsa/n-Si heterostructure by changing
temperature.

Rs provides information about interfacial layer resistance [35].
Fig. 3 displays R j versus voltage plots of the Co/giemsa/
n-Si heterostructure for changing measurement temperature.
The R j values decreased with increasing temperature almost
periodically due to increasing current especially at reverse
biases. This result is important for a kind of thermal sensing
application. The levels of Rsh and Rs values are 107 and 102 �,
and these levels are good for an electronic device [36].

When plotting the nkT versus kT, where k is Boltzmannn
constant, current transport mechanism of the heterostructure
can be understood. Fig. 4(a) exhibits nkT –kT plot of the
Co/giemsa/n-Si heterostructure. There can be seen two dif-
ferent mechanisms in the nkT –kT plot: one has negative
slope (−0.56) and shows field emission mechanism, another
has positive slope (1.06) and represents TE mechanism [37].
Finally, heterostructure has not have pure TE conduction
mechanism according to nkT –kT plot. This effect may be
attributed to structure of interfacial giemsa layer.

The Richardson constant calculation can help to determine
barrier height and to measure of the barrier inhomogeneities
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Fig. 4. (a) nkT–kT graphs and (b) experimental Richardson plots of the
Co/giemsa/n-Si heterostructure.

of the metal semiconductor heterostructures. The Richardson
constant value is usually obtained lower than real value due
to barrier inhomogeneity [38]. Fig. 4(b) shows Richardson
plots of the Co/giemsa/n-Si heterostructure. The determined
barrier height and Richardson constant values are 1.04 eV
and 1.55 Acm−2K−2, respectively. While the barrier height
value is close to its calculated value from other techniques,
the Richardson constant value is far from its real value due to
barrier inhomogeneities in the heterostructure.

Cheung method can be performed on the I –V character-
istics to confirm the accuracy of the ideality factor, barrier
height and series resistance values from TE theory, and
small deviations can be acceptable due to approximation
differences or nonideal junction structure [39]. The Cheung
method calculates dV/d(lnI ) and H(I ) functions and finds
above parameters. Related formulas about Cheung functions
and parameter calculation techniques have been found in the
literature [40].

The dV/d(lnI ) and H(I ) versus current graphs exhibit
almost linear lines, and the Rs , Φb, and n can be calculated by
y-intercepts and slopes of these plots (Not shown here). The
calculated Φb, n, and Rs values have been listed in Table I
for an increasing measurement temperature. The obtained
n and Φb values are good agreement with the n and Φb
values from TE method. Furthermore, the Rs values are good
harmony each other for dV/d(lnI ) and H(I ) which shows the
consistency of the Cheung method [41].

Alternatively, Norde method can help to calculate the Φb
and Rs values by plotting of the Norde function (F(v)). The

Fig. 5. Changing of the Rs values of the Co/giemsa/n-Si heterostructure
depending on the measurement temperature for various calculation
techniques.

Fig. 6. Nss versus Ec–Ess plots of the Co/giemsa/n-Si heterostructure
for various temperatures.

calculation of the Φb and Rs values with Norde function
can be found everywhere [42], [43]. When the F(v) function
is plotted against to voltage, minimum F(v) and related
minimum voltage values are used to calculate the Φb and Rs
values (Not shown here). The calculated Φb and Rs values
have been tabulated in Table I. Both the Φb and Rs values are
a little bit higher than that of TE and Cheung’s Φb and Rs
values due to approximation differences [6].

Fig. 5 displays Rs versus temperature plots of the
Co/giemsa/n-Si heterostructure for the Norde and Cheung
functions. The Rs values of both the Norde and Cheung func-
tions have same decreasing profile for increasing temperature,
but Rs values of the Norde a little bit higher than Cheung
function’s Rs values because of approximation to the I –V
characteristics [44], [45].

Another important parameter about the metal semiconductor
heterostructure is interface states density (Nss). The temper-
ature dependent Nss profiles should be worked to understand
the reaction of the Co/giemsa/n-Si heterostructure depending
on the conduction band (Ec) and surface states (Ess) energy
levels. Fig. 6 shows Nss versus Ec–Ess plots of the Co/giemsa/
n-Si heterostructure for an increasing temperature. The Nss
values almost did not changed so much with Ec–Ess values
for every temperature condition. However, they increased with
increasing temperature in the same Ec–Ess value.
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TABLE II
COMPARISON OF THE THERMAL SENSITIVITY FOR VARIOUS

HETEROJUNCTION DEVICES

Fig. 7. (a) V–T curves for different forward bias, and (b) sensitivity-
current curve for Co/giemsa/n-Si device.

The comparison of the thermal sensitivity for different
heterojunction devices is given in Table II. The sensitivity (S)

of a thermal device is given in dV/dT. The voltage-temperature
graphs of the Co/giemsa/n-Si device for different current
values are given in Fig. 7(a). It is clearly seen that the V –T
changes are linear for the values considered. In addition, it was
observed that the slope decreased with increasing current. S
values ranged from ∼1 (2.12 µA) to 0.79 mV/K (273 µA),
respectively. In addition, the sensitivity-current graph is shown
in Fig. 7(b). It is seen that the S value decreases with increas-
ing current.

We also calculated temperature coefficient for Co/giemsa/
n-Si device using both reverse bias and forward bias tempera-
ture values and using the relation of R = Rref [1+α(T −Tref)].

Fig. 8. Temperature coefficient changes of the Co/giemsa/n-Si device
depending on measurement temperature. (a) For forward bias resis-
tances. (b) Reverse bias resistances.

Fig. 8(a) and (b) reveal temperature coefficient (α) versus tem-
perature graphs of the Co/giemsa/n-Si device for forward and
reverse bias resistance values, respectively. α values decreased
linearly toward 300 K temperature, but then increased higher
temperatures for forward bias resistances. However, α values
decreased almost exponentially from 100 to 460 K temperature
for reverse bias resistances. For low temperature and forward
biases, α values decreased linearly and can be modeled for a
device. However, the higher temperature than room temper-
ature, the α values have many discrepancies. The α values
calculated from reverse bias resistances also can be modeled
easily. The device can be used and improved for temperature
sensing applications.

The capacitance behavior of Co/giemsa/n-Si heterostruc-
ture was studied by C–V characteristics for various
frequencies from 100 kHz to 3 MHz at room tempera-
ture. Fig. 9(a) and (b) display C–V and G–V plots of the
Co/giemsa/n-Si heterostructure depending on the frequency,
respectively. The plots clearly have inversion (−2 to −0.5 V),
depletion (−0.5 to 0 V), and accumulation (0 to 2 V) regions.
The capacitance and conductance values did not change
in the inversion region, but they exhibited changing profile
in the depletion and accumulation region. While the capaci-
tance values decreased, the conductance values increased with
increasing frequency. The decreasing capacitance values with
increasing frequency is due to that interface states cannot
follow ac signal [56]. The increasing conductance values
by increasing frequency can be ascribed to existence of the
interface states [57].
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Fig. 9. (a) C–V and (b) G–V plots of the Co/giemsa/n-Si heterostructure
for various frequencies.

The resistance (Ri ) of the Co/giemsa/n-Si heterostructure
with changing frequency is generally calculated by Nicollian
and Brews technique by following formula [58]:

Ri =
Gma

G2
ma + (ωCma)

2 (1)

where Gma and Gma represent measured conductance and
capacitance, respectively. The ω shows angular frequency.
The C−2–V plots are employed to calculate various electrical
parameters such as interface states (Nss), maximum electric
field (Em), width of depletion region (Wd), carrier concen-
tration of donor atoms (Nd), fermi energy levels (EF ), and
barrier height and series resistance (Rs). The calculation of
these parameters will be given in the next part.

The C−2–V and Ri –V plots of the Co/giemsa/n-Si het-
erostructure have been indicated in Fig. 10(a) and (b) for
various frequencies, respectively. The C−2–V plots exhibited
good linearity from −2 to −0.5 V. The slope and x-intercept
of the C−2–V plots provide Nss, Em , Wd , Nd , and EF
values of the Co/giemsa/n-Si heterostructure. The calculation
formulas of these parameters from C−2–V plots can be found
everywhere [59]. Among them, the Φb is determined by below
formula [60]

Φb = (V d + EF ) − 1Φ (2)

where Vd and 1Φ indicate diffusion potential which is cal-
culated by Vd = Vi + kT /q formula and barrier lowering of
image force, respectively. In here, Vi is x-intercept extrap-
olation of voltage axis for C−2–V plots. The Hill–Coleman

Fig. 10. (a) C−2–V and (b) Ri–V plots of the Co/giemsa/n-Si het-
erostructure for various frequencies.

TABLE III
VARIOUS ELECTRICAL PARAMETERS OF THE CO/GIEMSA/n-SI

HETEROSTRUCTURE BY INCREASING FREQUENCY

technique is used to calculate interface states density (Nss)

depending on changing frequency by following formula [61]:

Nss =
2

q A
(Gm/ω)max

((Gm/ω)max/C0x )
2
+ (1 − Cm/C0x )

2 (3)

depending on the conductance (Gm) and capacitance (Cm)

values. The Cox is calculated for strong accumulation region
by

Cox = Cma

[
1 +

G2
ma

(ωCma)
2

]
. (4)

The values of the electrical parameters have been given in
Table III for various frequencies. While the Nss and EF values
decreased, the other parameters increased with increasing
frequency. The reason of the decrease at the Nss can be
attributed to that the Nss cannot follow ac signal toward high
frequencies, and effectiveness of interface states in this region
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and lower frequencies [62], [63]. The Ri values showed peaks,
and their intensity decreased and positions shifted toward accu-
mulation region with increasing frequency in depletion region.
However, Ri values increased in accumulation region toward
higher frequencies owing to effectiveness of series resistance
in this region [64]. Furthermore, Rs values were calculated
for accumulation region of C–V and G–V characteristics and
tabulated in Table III. Their values increased with increasing
frequency.

IV. CONCLUSION

We used giemsa dye for interlayer film structure between Co
and n-type silicon to fabricate Co/giemsa/n-Si heterostructure
for extracting temperature- and frequency-dependent electrical
behaviors for wide range of temperature and frequencies.
While the temperature-dependent I –V was used to determine
ideality factor, barrier height, and series resistance changes
by changing temperature, the C–V measurements were per-
formed to obtain electrical properties of the Co/giemsa/
n-Si heterostructure. The ideality factor valued decreased with
increasing temperature, but barrier height values increased
linearly. The results highlight the thermal sensor behavior
of the Co/giemsa/n-Si heterostructure. Frequency-dependent
C–V characteristics were also used to extract various electrical
parameters such as maximum electric field, depletion width,
barrier height, etc. The results highlight that all electrical
parameters are function of the frequency and voltage in terms
of C–V characteristics. The Co/giemsa/n-Si heterostructure
can be improved for thermal sensing as well as switching
applications.
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kiyaslanmasi,” SAÜ Fen Bilim. Enstitüsü Derg., vol. 21, no. 6, p. 1,
Dec. 2017, doi: 10.16984/saufenbilder.279996.

[45] S. M. Faraz, M. Willander, and Q. Wahab, “Current transport studies
and extraction of series resistance of Pd/ZnO Schottky diode,” in
Proc. IEEE 14th Int. Multitopic Conf., Dec. 2011, pp. 196–200, doi:
10.1109/INMIC.2011.6151472.

[46] I. Gumus and S. Aydogan, “Thermal sensing capability of
metal/composite-semiconductor framework device with the low barrier
double Gaussian over wide temperature range,” Sens. Actuators A, Phys.,
vol. 332, Dec. 2021, Art. no. 113117, doi: 10.1016/j.sna.2021.113117.

[47] X. Li, T. Pu, T. Zhang, X. Li, L. Li, and J.-P. Ao, “P-NiO/n-GaN
heterostructure diode for temperature sensor application,” IEEE Sensors
J., vol. 20, no. 1, pp. 62–66, Jan. 2020, doi: 10.1109/JSEN.2019.
2939045.

[48] S. Rao, L. Di Benedetto, G. Pangallo, A. Rubino, S. Bellone, and
F. G. Della Corte, “85–440 K temperature sensor based on a 4H-
SiC Schottky diode,” IEEE Sensors J., vol. 16, no. 17, pp. 6537–6542,
Sep. 2016, doi: 10.1109/JSEN.2016.2591067.

[49] D. Cordova, P. Toledo, H. Klimach, S. Bampi, and E. Fabris, “0.5 V
supply voltage reference based on the MOSFET ZTC condition,” in
Proc. 28th Symp. Integr. Circuits Syst. Design, Aug. 2015, pp. 1–7, doi:
10.1145/2800986.2800988.

[50] X. Li, T. Pu, X. Li, L. Li, and J.-P. Ao, “Correlation between anode
area and sensitivity for the TiN/GaN Schottky barrier diode temperature
sensor,” IEEE Trans. Electron Devices, vol. 67, no. 3, pp. 1171–1175,
Mar. 2020, doi: 10.1109/TED.2020.2968358.

[51] Y. Wang et al., “Temperature sensing using junctions between mobile
ions and mobile electrons,” Proc. Nat. Acad. Sci. USA, vol. 119, no. 4,
Jan. 2022, Art. no. e2117962119, doi: 10.1073/pnas.2117962119.

[52] Q. Guo, F. Lu, Q. Tan, T. Zhou, J. Xiong, and W. Zhang, “Al2O3-based
a-IGZO Schottky diodes for temperature sensing,” Sensors, vol. 19,
no. 2, p. 224, Jan. 2019, doi: 10.3390/s19020224.

[53] L. Li, J. Chen, X. Gu, X. Li, T. Pu, and J.-P. Ao, “Temperature sensor
using thermally stable TiN anode GaN Schottky barrier diode for high
power device application,” Superlattice Micro., vol. 123, pp. 274–279,
Nov. 2018, doi: 10.1016/j.spmi.2018.09.007.

[54] M. S. Gorji and K. Y. Cheong, “Embedded nanoparticles in Schottky
and ohmic contacts: A review,” Crit. Rev. Solid State Mater. Sci.,
vol. 40, no. 4, pp. 197–222, Jul. 2015, doi: 10.1080/10408436.2014.
940444.

[55] G. Perez et al., “Integrated temperature sensor with diamond Schottky
diodes using a thermosensitive parameter,” Diamond Rel. Mater., vol. 78,
pp. 83–87, Sep. 2017, doi: 10.1016/j.diamond.2017.08.008.

[56] I. Orak, A. Kocyigit, and S. Alindal, “Electrical and dielectric char-
acterization of Au/ZnO/n–Si device depending frequency and voltage,”
Chin. Phys. B, vol. 26, no. 2, 2017, Art. no. 028102, doi: 10.1088/1674-
1056/26/2/028102.

[57] M. Yıldırım and A. Kocyigit, “Characterization of Al/In: ZnO/p-
Si photodiodes for various In doped level to ZnO interfacial lay-
ers,” J. Alloys Compounds, vol. 768, pp. 1064–1075, Nov. 2018, doi:
10.1016/j.jallcom.2018.07.295.

[58] E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor)
Physics and Technology. Hoboken, NJ, USA: Wiley, 2003.
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