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Shape Memory Alloy Layered CuAlFeMn/n-Si/Al Photodiode with a
High Photo-responsivity Merit and Negative Capacitance
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In this study, a new Schottky MS contact type CuAlFeMn/n-Si/Al photodiode was fabricated via coating thin film

CuAlFeMn shape memory alloy with a different composition on n-type silicon substrate by using thermal evaporation

method. The photoelectrical diode/photodiode characterization of the produced photodevice was conducted by

taking photo-electrical current-voltage (I-V), dynamic current-time (TPC, I-t) and capacitance-voltage (C-V)

measurements in dark condition and under different artificial day light conditions. The obtained characteristic

forward bias I-V plots revealed the photovoltaic and photoconductive properties. Excellent responsivity and good

detectivity maxima values were achieved. The photovoltaic behavior of the produced photodiode was apparently

observed on the TPC light-on/light-off patterns. Negative capacitance occurrence was observed by taking the

capacitance-voltage measurements.
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1. Introduction

Metal-semiconductor (MS) contact diodes with an
interface potential barrier called as Schottky barrier height
(SBH) can separate photoexcited electron-hole pairs [1].
This enabled the production of MS Schottky barrier type
photodiodes, other photodetectors and sensors, transistors,
solar cells or other photodevices in nanotechnology mostly
based on silicon [1-14].

Generally, thin films of single metal elements (like Au, Pt,
Cu, Ag etc.) are used to form top Schottky contacts in
fabrication of MS Schottky photodevices based on the
work functions of those metal elements. Work functions
and thermal and electrical conductivity values of metal
alloys can tunably differ than those constant values of
single metal elements. Therefore, using thin film alloys in
Schottky contacts increases the number of different

choices. The use of thin film NiTi shape memory alloys
(SMAs) in fabrication of Schottky diodes have been tried
on in 1990s [15-17], too. But thin film SMAs have firstly
been used in production of Schottky MS photodiodes just
after a few years ago [18-24]. In these works Cu-based
SMAs were used as thin film contacts, since Cu-based
SMAs have larger electrical and thermal conductivities and
much cheaper than NiTi SMAs.

SMAs are a famous smart material group due to that they
can show some highly desirable and fascinating useful
properties like shape memory effect (SME) and
superelasticity (SE). Therefore these alloys are preffered to
utilize as in bulk, micro or nano sizes in many
technological and industrial areas such as actuator,
medical, robotic, automotive, aerospace, micro or nano
electromechanical systems (N/MEMs) etc. [25-37]. The
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shape recocery or shape memory effect mechanism of these
materals depends on an atomically diffusionless,
isothermal and reversible solid to solid phase transitions
(named as martensitic transformations) induced
fundamentally by heat [25]. Such transformations occur
between cold martensite (M) and hot austenite (A) solid
phases in a SMA. The transformation induced by
temperature change can be provided by many kind of
external stimuli such as heat, mechanical stres, electric or
magnetic field or optic radiation. By a transformation from
martensite to austenite phase, the shape of a deformed
SMA in martensite structure changes to its original
predeformed shape as a sum of microcrystallographic
phase changes triggered by internal stresses induced by
heat.

In the mentioned recent works [18-24] done on the
fabrication of thin film SMA layered Schottky
photodiodes, good  diode  characteristics  and
photoconductive, photovoltaic properties have been
achieved. But these works still are of a few number. More
research can be done to investigate and improve such
SMA/semiconductor contact devices. Some of the ways for
doing this can be using different type SMAs and/or with
different compositions, deploying an organic or metal-
oxide insulator interlayer, producing with varied
semiconductor substrates or by different production
methods.

In this work, a new MS Schottky barrier photodiode was
by island-like deposition of thin film CuAlFeMn SMA on
n-Si substrate via thermal evaporation technique. The
diode parameters, photodiode figure of merits and
capacitance of the produced photodevice were
characterized by taking photo-electrical I-V, |-t tests under
dark and varied light conditions and stepped-frequency
based C-V measurements.

2. Materials and Experimental Method

The CuAlFeMn SMA with a composition of 73.23Cu-
21.93Al-3.36Fe1.48Mn (at.%) that used in this work as
thin film Schottky metal contact was previously fabricated
by arc melting and the shape memory effect
characterization tests were done on this alloy, all of the
experimental details about this CuAlFeMn SMA were
given in the previous works [38,39], but thermal and
structural DSC and XRD characterization tests results of
this SMA showing its shape memory effect properties are
to be given briefly in the results section of this work, too.
For fabrication of the CuAlFeMn/n-Si/Al photodiode at
first the n-Si wafer and pieces of CuAlFeMn SMA and Al
were cleaned by RCA standard cleaning procedure that
includes ultrasonic washing bath in distilled water, acetone
and ethyl alcohol for 5 min each, etching the n-Si wafer in
(1:10 ml) HF:H20 acid medium for 30 s, then again
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washing by distilled water and at last drying with nitrogen
gas. After cleaning, at first Al metal film with 150 nm
thickness was coated on back face of n-Si to form ohmic
contact by using a Nanovak thermal evaporation system as
the chamber of evaporator reached to 2x10 Pa of pressure.
Then the obtained n-Si/Al structure was annealed at 570 °C
for 5 min for diffusion of n-Si and Al surfaces to each other
and thus getting better contact quality. Then, CuAlFeMn
SMA thin film with 150 nm thickness was similarly
deposited as island-like spots on the mask shadowed front
face of the n-Si/Al ohmic structure and thus the fabrication
CuAlFeMn/n-Si/Al photodiode was completed. Each hole
of the used mask has an area (A) of 0.785x1072 cm? that is
also the diode area of each top island-like CuAIFeMn SMA
film contacts. The current-voltage (I-V), capacitance-
voltage (C-V) and current-time (I-t) diode/photodiode
characterization tests were made under dark and different
light power intensities by using FYM-7000 and -9000
model FYTRONIX  Solar Simulator electronic
characterization systems. A diagramatic view of the
fabricated shape memory alloy thin film based photodiode
is presented in Figure 1.
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Fig.1. A diagramatic view of the fabricated CuAlFeMn/n-
Si/Al photodiode.

3. Results and Discussions
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Fig.2. The microstructural X-ray diffraction pattern of the
CuAlFeMn shape memory alloy.
The XRD (X-ray diffraction) graphic of the CuAlFeMn

SMA (obtained by using CuKoa type X-rays) is given in
Figure 2. As seen on this diffraction pattern, the highest
peak of B1°(122) is the dominant martensite phase formed
in this alloy, and the shorter B1’and y1” peaks ar the other
appeared peaks [38,39]. These martensite peaks found in
the CuAlFeMn alloy confirms that the microstructural
shape memory behavior mechanism do exist in this alloy.

The DSC (differential scanning calorimetry) thermogram
curves of the CuAlIFeMn shape memory alloy obtained at
different heating/cooling rates between 5-45 °C/min are
presented in Figure 3. The reversible endothermic and
exothermic martensitic transformation peaks that were
appeared on each one of these curves indicate the M—A
(on heating the alloy) and then A—M (on cooling the
alloy), respectively [40-43]. Therfore it can be said that the
CuAlFeMn alloy has a shape memory effect property
which is a result of thermal response of this alloy against
the increasing/decreasing temperature changes occurred in
the alloy by the each heating/cooling DSC run cycle. By
analyzing these peaks via applying tangent method of DSC
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software on them, the determined some thermodynamical
martensitic transformation temperatures (As, As, Ms and
Mys), hysteresis gap (As-Ms), max-peak temperature (Amax)
of M—A transition, equilibrium temperature (To), and the
enthalpy (AH) and entropy (AS) change values of M—A
transformation all for the curve obtained at the
heating/cooling rate of 25 °C/min are given in Table 1.

DSC
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Heat Flow (mW)

-15.00

-20.00

25.00 50.00 75.00 100.00 125.00 150.00
Temperature (°C)

Fig.3. The DSC cycling curves showing the reversible
martensitic M«—A phase transitions as a thermal
response of the CuAIFeMn shape memory alloy.

Table-1: The thermo-responsive characteristic martensitic phase transition temperatures and the other transformational
parameters values for the CuAlFeMn shape memory alloy.

DSC
heating/cooling As As Amax Ms Mt As-Mg To AHm-A ASm—A
rate (C/min) (©) (©) (©) (©) (©) (©) (©) (J/9) (J/9C)
25 9356 11144 10252 7990 64.70 3154  95.67 7.09 0.074

CuAlFeMn/n-Si/Al
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Fig.4. The multiple semi-log In(l)-V plots of the

CuAlFeMn/n-Si/Al photodiode obtained under dark
and varied steps of light power intensity conditions.

The results obtained from the photo-electrical 1-V tests as
multiple semi-log In(1)-V plots for the novel CuAlFeMn/n-
Si/Al SMA-photodiode under dark and step-increased light
power intensities are presented in Figure 4. On these plots,

the current was allowed to conduct by the photodiode only
in the positive forward voltage bias on the right side (in the
figure negative voltage is seen on the right side due to the
opposite signed test probe use), except a smaller saturation
(leakage) current (o) was allowed to conduct in the reverse
voltage bias region (on the left side). Thus, the photodiode
shows a current rectifying characteristic. However, although
the magnitutes of the photocurrents seen in the reverse (left
side) voltage region are remarkably high, the magnitute of
the dark leakage current is found abnormally high most
probably caused from the remained contamination, interface
states, vacancies and impurities in the CuAlFeMn/n-Si
interface. Therefore, by using RR(xV) = I(V)/I(-V) formula
[22], the values of the current rectification ratio (RR)
parameter of the photodiode (at =5 V of voltage couple
equal-in-absoulte) were determined as 10.04 for dark and
4.58 for 100 mW/cm? of light power intensity conditions,
respectively [22], which are found very low due to the high
leakage current. The RR should be increased by making
better wafer surface cleaning. Nevertheless, the levels of the
photocurrents generated by the applied light [22] are
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enormously high. The generation of photocurrents (seen as
the bounced current levels in the left reverse voltage region
by the effect of increasing light power) means that the
electromagnetic light radiation changes the electrical
conductivity of the photodiode which is defined as the
photoconductivity property of this produced photodevice.
These photocurrents (or electron-hole pairs) generated
photoelectrically by the absorbed incident light photons
with sufficient energies larger than the band gap (Eg) of n-
Si (hv>Eg) stimuling the electrons in the valance band. For
a Schottky MS diode (or photodiode) the relationship
between current and voltage depending on the conventional
Schottky emission, also known as the thermionic emission
(TE) theory, is expressed by the formula [1,22] (for
V>3KkT/q condition) given as below;

(V—IRg)
I =1I,exp (ans — 1) . (1)

where; V-IRs stands for the voltage that drops across the
metal-semiconductor junction, k is the Boltzmann constant,
g iselectron charge, T is temperature (T= 300 K), n is idealty
factor (unitless) parameter of the diode, and I is the reverse
saturation current. By intercepting the linear fragment of
In(1)-V plot positioned in forward bias region, the lo value
can be found by the formula given as below;

I, = AA*T?exp (— %) )
where; A* is Richardson constant (its theoretical value for
n-Siis 112 A.cm?K?) [1,5], ¢y refers to the Schottky barrier
height (SBH) of the produced CuAlFeMn/n-Si/Al
photodiode at zero voltage (V=0), and A is the diode’s arca
of the CuAlFeMn top metal contact (A=0.785x107?
cm?).The ideality factor n values were calculated by
substituting the slope values found by taking linear fittings
on the line fragments of the In(1)-V plots at forward bias in
the formula presented as below;

= (Gons) ®

Thus, the values of the n ideality factor parameter of the
CuAlFeMn/n-Si/Al photodiode were computed as 14.8 for
dark condition and 13.7 for the light condition with 100
mW/cm? of power intensity. These n values were found
higher than the ideal value (n=1). The reasons for the n
values deviated from the unity (n > 1) were explained by the
effects of impurities and vacancies, interface states (traps),
non-uniform charge distribution in the interface and the
non-homogenous ¢y barrier height (SBH) across the MS
contact [1,5,8,22]. The ¢, values of the the produced
photodiode can be determined by using the formula [22]
given as below;

AA*TZ)
Io

¢p="in( (4)
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The ¢p value of the SMA layered CuAlFeMn/n-Si/Al
photodiode was calculated as 0.491 eV for dark condition
and 0.482 eV for 100 mW/cm? of light intensity condition.

One of the important photodiode figure of merits is the
responsivity (Rpn) parameter which represents the
photodetecting performance and the ability of light
absorbation quality of the photodiode. Ry is defined as the
ratio of the net photocurrent (lpn) to the power of incoming
light that effectively illuminating the photodiode and can be
calculated by Rpn=Ion/P.Aest formula [22], where I is the net
photocurrent (Ipn = liight - ldark), P is the incident light power
intensity, and A is the effectively illuminated area (6 mm?)
of the photodiode. For at -5 V of reverse bias, the Rpn
responsivity values of the novel photodiode were calculated
as 0.609 A/W (or 609 mA/W) and 0.398 A/W (or 398
mA/W) for the conditions of 20 mW/cm? and 100 mW/cm?
of light power intensities, respectively. These huge
responsivity values (as compared with the commercial ~0.5
AJ/W values) are found some similar to and some higher than
some recently reported values [6,8,10,44].

Another important photodiode parameter is the
photosensitivity (%PS) defined as a measure of a
photodetector's capability of absorbing incident light. A high
photosensitivity means a good light absorbtion. The unitless
value of the %PS parameter can be found by a formula [22]
given as %PS = [(Iph- 1g) x100]/14 , where lq is dark current.
For at 0 V, the %PS values of the CuAlFeMn/n-Si/Al
photodiode were determined as 41.18 and 171.34 under 20
mW/cm? and 100 mW/cm? of light conditions, respectively.
These values were found lower than some recently reported
ones [10,45,46] due to the aforementioned high dark leakage
current occurrence, similarly the %PS value of the device
can be increased much more by suppressing the dark current,
too.

Specific detectivity (D*) of a photodiode is another
figure of merit defined as a photodiode’s ability to detect
weak light signals. High detectivity photodiodes are utilized
in optoelectronic communication applications. At shot-noise
limit, dedectivity D* normalized by the diode area (Aerf) can
be found by using D*=Rpn/(2qla/Ae)*? formula [22], where
g is electron charge. At reverse -5V, the D* value of the new
photodiode was found as high as 2.21x10'° Jones and
7.07x10° for under 20 mW/cm? and 100 mW/cm? of light
power intensities, respectively [10,45-47].

A photovoltaic photodiode or photodetector depends on
separation of photo-excited electron-hole pairs. To see the
photo-generated charge carriers as a sum of photocurrent in
the produced photodiode the dynamic time-dependent (I-t)
current-time (TPC test) curves obtained under different light
conditions are given in Figure 5. According to these curves,
a photovoltaic photocurrent generation proportional to the
applied light power is occurs whenever the solar simulator’s
light is turned on. As the light is turned off, the current fells
down to the ground dark level rapidly. As understood from
this result, the produced photodiode exhibites good
photovoltaic response behavior to the incident light.

The capacitance-voltage (C-V) measurements taken at
varied step-increased frequencies between 10 kHz and 1
Mhz are presented in Figure 6. As seen on these C-V curves,
in the reverse voltage bias region on the left side, there is an
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increasing capacitance by decreasing frequency. The reason
for that is explained as that the electrons cannot follow the
ac current signal at these high frequencies [22]. On the right
side at forward bias, there is seen an occurrence of negative
capacitance which is also increasing by the decreasing
frequency. Negative capacitance occurs when there is a
change in charge that causes the net voltage falling on a
material to change in the opposite direction such that a
decrease in voltage results in an increase in charge [48-50].

2o maem2 CuAlFeMn/n-Si/Al
4,0X10'4 n | 60 MW/cm2
s 80 MW/CM2
e 100 MW/cm2
3,5x10 "\1
~
3,0x10
<
2,5x10" 4
2,0x10™ 4
1,5x10™ 4
T T T T
0 5 10 15

t (sn)

Fig.5. The time-dependent (I-t) TPC curves of the
CuAlFeMn/n-Si/Al photodiode.
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Fig.6. The capacitance-voltage curves of the novel
CuAlIMnNi/n-Si/Al photodiode obtained at different
frequencies.

By drawing the inverse squared capacitance-voltage (C2-V)
curves (presented in Figure 7) some of the electrical diode
parameters of the produced photodiode were determined by
this method, too. In the reverse biased region (on the left
side of these curves) for the curve at 1 MHz the values of
the non-compensated ionized donor atoms concentration
(Np) and diffusion potential (Vq) can be found by finding the
the slope and linear extrapolation of the C2-V curve to the
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x-axis, respectively. The Np can be calculated by the formula
[22].given as below;

Ny = 2o [H] ©

T gegesA2 L av

where, C is capacitance of depletion layer, g is electron
charge, A is diode area, g is permittivity of space, V is
applied potential, &s is permittivity of the semiconductor and
equal to 11.8 for n-Si. By substituting the slope value instead
of the right [d(C?)/d(V)]* term in Eq.6, the Ng value was
calculated as 1.54x10%* cm. And by extrapolating the C2-V
plot to the x-axis the Vg value was determined as 1.153 V.
Apart from the |-V method, the Schottky barrier height
(SBH) parameter ¢, can be also computed from the C2-V
method by using the formula [22] given as below;

¢ ="+ in(1E) (7)
where; Nc is the effective density of states in the conduction
band of n-Si (Nc = 2.8 x 10 cm®). The ¢y, value was found
as 0.272 eV and this value was found lower than that value
of 0.491 eV found by I-V method above for the dark
condition. The effective Fermi energy (Er) parameter was
computed as 0.194 eV by using Er= ¢, — (Va/n) formula, too.

7x10% : :
CUAIMNNi/n-Si/Al| [—= 10k
6x10%° e 100 KHz
e 200 kHz
e 300 kHz
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2x10%°
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0 _
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5 4 3 2 1 0 1
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Fig.7. The inverse-squared C?2-V curves of the new
CuAlFeMn/n-Si/Al  photodiode at  different
frequencies.

4. Conclusions

In this study, the new thin CuAlFeMn shape memory
alloy film layered CuAlFeMn/n-Si/Al Schottky photodiode
was successfully fabricated via using thermal evaporation
method. The photo-electrical 1-V, It and C-V
characterization tests were performed on the new photodiode
and some characteristic photo/electrical diode/photodiode
parameters were determined. The high ideality factor of the
device found deviated from unity was originated mainly
from the existed interface states, vacancies, impurities, non-
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uniform distribution of the interface charges and barrier
non-homogeneity across the MS contact. The produced
photodiode showed good photovoltaic and photoconductive
properties. A huge high responsivity of 609 mA/W,
photosensitivity (%PS) and a very well specific detectivity
value of 221x10%° Jones were determined. The
photosensitivity parameter of the photodevice found low
can be improved by optimization of the interface quality.
Negative capacitance was observed to occur on C-V tests.
All obtained results implied that this novel thin film shape
memory alloy layered CuAlFeMn/n-Si/Al photodiode can
have potential usage in photodiode and photodetector
dependent photovoltaic and optoelectronic applications.
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