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Abstract This work aims to investigate the design, fab-
rication, and characterization of a novel photodetector for
light-sensing applications. The photodetector is based on
Tb/Al/Cr/p-Si heterostructure and was integrated using
the E-beam evaporation fabrication technique. The perfor-
mance of the photodetector was evaluated through various
experiments, including I-V characteristics, responsivity,
and photo-transient time analysis. The I-V characteristics
were measured under dark and different irradiance levels.
The experimental results showed that the structure has a
good and fast response to the light confirming its photodiode
behavior where the photocurrent increases with increasing
illumination intensity due to the formation of electron-hole
pairs. The electrical parameters were explained according to
the thermionic emission (TE) theory. Moreover, Cheung and
Nord’s methods were used to determine the diode electronic
parameters such as ideality factor (n), barrier height (@),
and series resistance (Rs). The photo-transient characteris-
tics of the heterostructure diode carried out under irradiance
of about 1000 W/m? have shown a fast response to light.
The uncertainty budget for the I-V curves was estimated
and tabulated.
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Introduction

Over the last few decades, significant efforts have been dedi-
cated to the construction and development of photodetectors
based on new materials [1-3]. This has been motivated by a
wide range of applications including digital imaging, remote
sensing, photovoltaics, optical communication systems, and
medical diagnostics [4]. Several materials have been used
for the fabrication of photodetectors; silicon comes as a
promising material due to its superior characteristics such
as high absorption to light, small bandgap, and longtime
stability [5-8]. Despite the drawbacks in the integration of
III-V semiconductors monolithically with Si substrates due
to the crystal lattice mismatch [9-11], it is considered one
of the appealing structures for the next-generation, opto-
electronics, light emitting diode (LED), and photodetectors
devices. Furthermore, nanomaterials have opened the door
for the development of optoelectronics devices due to their
excellent chemical structure that allows the tunability of
bandgap in addition to the high electrical conductivity they
show [12-14]. Heterostructure materials have attracted much
interest as efficient photodetectors by employing new mate-
rial combinations as organic—inorganic structures [15-17].
Metal semiconductor photodiodes are particularly useful
in the ultraviolet, visible, and IR light regions [18], Alu-
minum is a good candidate material widely used for this
purpose [19, 20]. Its optical, electrical, and spectral response
properties have been investigated by several research groups
[21, 22] however the formation of aluminum oxide (Al,03)
due to the reaction with air limits its use since it strongly
affects the optical performance of the resulting film [23].
Then, to overcome these limitations, a protective capping
layer is usually added on the top to avoid oxidation with-
out affecting its physical properties [24]. For that purpose,
we used a thin layer of Terbium on top of the Aluminum
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surface, despite several semiconducting materials, Terbium
(Tb) possesses remarkable properties that can provide high-
performance and cost-effective photodetectors due to its nar-
rower bandgap and mechanical stability based on its atomic
structure [25, 26]. Recently, Tb has received considerable
attention in the manufacturing of optoelectronic devices
because of not only its versatile characteristics but also its
fabrication compatibility with nanostructures through differ-
ent techniques [27, 28]. It has also been reported that doping
nanomaterials with rare earth elements can yield enhanced
photoluminescence (PL) properties [29-32].

To date, several deposition methods have been used for
Tb [33-35]. To our knowledge, deposition by electron beam
technique has not been deeply investigated. Furthermore,
many fundamental properties of this semiconductor, such
as the electrical, dielectric, and surface reactivity, remain
poorly explored. This study provides valuable insights into
the design and optimization of photodetectors for efficient
light detection where a multilayer heterostructure photodiode
based on a Terbium (Tb) thin film on top of an Aluminum
(Al) layer was deposited on a Si substrate using the electron
beam (e-beam) evaporation technique. A chromium layer
(Cr) was deposited on the Si surface for more adhesive of
the Al layer. Both the electrical and photo-response proper-
ties of the Tb/Al/Cr/p-Si photodiode were investigated under
dark and different irradiance levels between (200—-1080 W/
m?) using the forward and reverse bias I-V measurements
at room temperature. The photo-transient characteristic per-
formed under irradiance of about 1000 W/m? and a biased
voltage of 1.5 Volt showed that the prepared Tb/Al/Cr/p-Si
heterostructure has a good and fast response to illumination.
Additionally, the experimental design for I-V characteristics
and photo response time systems was presented. Further, the
uncertainty budget related to the [-V curves was estimated
in detail.

Device fabrication and characterization

Tb/Al/Cr/p-Si heterostructure was fabricated with the depo-
sition of Tb/Al thin films using an electron beam evapora-
tion technique on a p-type Si wafer [36]. The Si substrate
of orientation (100) was used as purchased without any
further purification. Firstly, an interface layer of Cr of 3
nm thick was deposited on the Si substrate to increase the
adhesion of Al layer with Si, then a thick layer of Al with a
thickness of 20 nm was deposited on Cr layer, and finally,
a protective capping layer of Tb with 6 nm thickness was
deposited on top of Al surface as illustrated in Fig. 1. The
film thickness was monitored during the deposition with
a calibrated quartz-crystal monitor against a KLA-Tencor
P-16 + Profilometer.

Si Substrate

Al

Fig.1 Schematic diagram of fabricated Au/ Tb/Al/Cr/p-Si hetero-
structure photodetector device
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Fig. 2 XRD peaks of Tb/Al/Cr/p-Si heterostructure solar detector

The deposition chamber was pumped using a high vac-
uum Varian turbomolecular pump in series with a scroll
pump. Small pieces of Tb and Al materials of 3—6 mm size
with a purity of 99.9% were used as evaporated materials.
The deposition rate for Al was kept at a constant rate of ~1.0
nm s~! while the deposition rate for Tb was ~0.5 nm s~! and
the base pressure in the chamber was 107 Pa. The evapora-
tion source was kept 40 cm away from the substrate, and the
substrate holder was rotated during the deposition process
for better film homogeneity and uniformity.

Figure 2 shows the X-ray diffraction pattern for the Tb/Al/
Cr/p-Si heterostructure exhibiting distinct peaks indicating
the crystallinity nature of the structure. The intensities show
crystallographic planes similar to Al thin film with peaks
appearing at 39 ° and 45 © which correspond to the (1 1 1)
and (0 2 0) planes. The Tb layer exhibits prominent peaks at
29.5° 56.3°, and 65.6 ° which correspond to the (0 1 1), (1
2 1), and (0 2 2) planes [35, 37].
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Experimental results
Current-voltage characterization

The I-V characteristics were measured at room temperature
using a stabilized DC load power supply and two calibrated
high-accuracy digital multimeter models Keithley 2010
where the voltage across the sample was measured simulta-
neously with the current through a reference shunt resistor.
The sample’s photocurrent and voltage characteristics were
carried out under different irradiance levels using a Quartz
Tungsten Halogen (QTH) lamp as a light source [38]. The
I-V characteristics of the Tb/Al/Cr/p-Si heterostructure were
measured under dark as well as different irradiance levels of
200, 500, 820 and1050 W/m? which were measured using a
calibrated radiometer traceable to a trap detector linked to
the cryogenic radiometer. The incident light falls normally
on a well-defined area of about 1 cm?. The bias voltage was
applied using a reference DC calibrator which swept the
voltage from —2 Volte to+2 Volte with a sweep size of 1
mV. All devices are linked and controlled through a Lab-
VIEW software which was developed by NIS as shown in
Fig. 3.

The current—voltage characteristics of the Tb/Al/Cr/p-Si
heterostructure photodiode were explained according to the
thermionic emission theory under dark and different irradi-
ance intensities [39]:

Fig. 3 Schematic diagram of
the I-V and photo transient time
response systems

Oscilloscope —_—

Optical meter
—_—

@ Springer

Chopper Controller

q ( V- IRS)
I=1 Sk A
0 lexp nkT M
where [ is the saturation current which is given by
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and n is the ideality factor, g is the electron charge, V is bias
voltage, Rs is the series resistance, k is the Boltzmann con-
stant, T is the temperature in Kelvin, A is the diode area, and
A* is Richardson constant (A* =32 Acm~2 K2 for p-type
Si), @, is the barrier height [40, 41]. Figure 4. depicts the
current—voltage (I-V) of Tb/Al/Cr/p-Si heterostructure
photodiode at different irradiance levels and inset semi-
logarithmic curve where I, and n were determined from the
intercept and slope of the straight plot between In(/) and V
relationship of the voltage range from 0 to 0.4 V. The series
resistance R represents the voltage drop across the diode
and can be obtained throughout the relation [42]:

( dv ) _ nkT

— | =——+IR
dinl q s 3

Additionally, Cheung proposed an alternative method to
extract ideality factor (n), series resistance (Rs), and barrier
height (®b) [43]. According to this method, H(I) is defined
as Cheung function and is given by

Chopper
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Lamp Power Supply
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Figure 5 displays dV/dIn (1) versus I for Tb/Al/Cr/p-Si " * ~ pI__ ®)
heterostructure diode at a different level of irradiance. A ) ' o
plot of dV/dln (I) versus current (I) will give Rs values as where (/) is the current value corresponding to the mini-

the slope and nkT/q as the intercept of the y-axis accord-
ing to Eq. (3). The values of Rs and ideality factor (n) are
listed in Table 1.

Figure 6 shows the plot of H (I) verse I give a straight
line with an intercept equal to n®,, while the slope gives
the series resistance (R,). The output parameters of the
barrier height (@), and series resistance (R,) are listed
and tabulated in Table 1.

Norde proposed an alternative method to compare the
barrier height and series resistance (Rs) of the Tb/Al/
Cr/p-Si heterostructure [44]. According to this method,
the Nord function F(V) is defined as:

AN 7 S S
F) =~ =St s ) ©

where f = q/KT and Y is a factor > the ideality factor (n),
the active barrier height is given by

mum voltage value (V,,;,,). Figure 7 shows the Norde func-
tion F(V) against voltage for the Tb/Al/Cr/p-Si heterostruc-
ture photodiode at a different level of illumination. Table 1
provides the results of the ideality factor (n), barrier height
(®0), and series resistance (Rs) in accordance with Cheung,
Nord, and conventional procedures. The Levenberg—Mar-
quardt algorithm is used for linear fitting of Egs. (1-9), and
it compares the goodness of fit parameter, chi-square ¥2,
with confidence intervals. The fitting of the structure Tb/
Al/Cr/p-Si was carried out in the voltage range of 0 to 0.5
V, which is the range where Ohm’s law is applicable. The
slope and intercept of each curve were found in confidence
intervals that have a high degree of confidence above 90%.

The observed variation in the ideality factor (n) can be
attributed to the effects of series resistance, which causes a
voltage drop across the interfacial thin film and the charge
of the interface states with the bias in the low voltage

@ Springer
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Table 1 The calculated ideality 1,4 (TE) Cheung (H) dv/dinI Nord (F)
factor, barrier height, and series ance (W/
resistance of Tb/Al/Cr/p-Si m?) n ¢,V RQ n ¢,V RQ n RQ n ¢,eV RQ
at different irradiance values
were obtained from the various Dark 2.18 057 45x10° 228 054 336x10° 228 3.76x10* 2.18 059 1.54x10*
methods 200 262 0.61 248x10° 2.86 0.62 1.72x10° 2.86 131x10° 2.62 0.67 4.56x10*
500 258 0.60 1.51x10° 237 0.67 99x10>° 236 889x10*> 2.58 0.64 4.22x10°
820 289 0.58 1.31x10° 2.84 062 7.64x10*> 2.84 1.11x10° 2.89 062 5.0x10°
1050 1.71 0.68 924x10*> 3.73 054 4.8x10> 3.73 5.12x10* 1.67 0.64 235x10°

region of the I-V diagram. Both the R, and R, values
have considerable influence on many electronic devices.
The experimental R, and R, values are determined by
plotting structure resistance (R;) vs. applied bias voltage
(V) as shown in Fig. 9. In the forward biased region, R,
designates a nearly constant value of order 10° Q for volt-
age over 0.5 V. Subsequently, at negative bias voltage, the
value of R; decreases with increasing the voltage at differ-
ent irradiance which corresponds to R, with a maximum

@ Springer

value of order 10° Q for. The lower value of series resist-
ance R can be attributed to the transportation of charge
carriers through the Cr diffusion layer or enhanced tun-
neling current through the barrier high using heavy doped
n-type Si. The series resistance (Rs) and shunt resistance
(Ry;,) of Tb/Al/Cr/p-Si photodiode at different illumination
intensities are seen in Fig. 8. The R designates a nearly
constant value for positive voltages greater than 0.5 V
while R, has nearly small values for negative voltages.
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at different irradiance levels

The uncertainty budget for [-V measurements of Tb/Al/
Cr/p-Si photodiode was calculated as the square root of the
quadrature summation of each source of uncertainty inputs
such as reference radiometer, solar simulator, the uncertainty
of DC voltage-current measurements and uncertainty due
to environmental conditions. Table 2 shows the uncertainty
budget for [-V measurements and the related relative stand-
ard uncertainty for each input.

Uncertainty analysis plays a fundamental role in our
research methodology and results. It serves to quantify and
account for the potential errors and variations in the meas-
urements, ensuring that our results are not only precise but

also reliable. By addressing the sources of uncertainty items
and their associated values, we provide a more comprehen-
sive view of the reliability of our measurements. Under-
standing uncertainties also aids in the proper interpretation
of our findings and their potential implications, for more
detailed information on this topic [45, 46]. For that purpose,
the uncertainty budget includes the results of the measure-
ment chains for irradiance, voltage, current, and tempera-
ture measurements that were reported according to GUM
[47]. We considered the performance of the light source and
the spectrum mismatch, furthermore, we also evaluated the
standard uncertainty of voltage and current measurements
using two calibrated digital Keithley multimeters, one of
which was responsible for measuring drop voltage through
a reference resistor. Table 2 lists the expanded uncertainty,
which is normally provided at a confidence level of 95% for
the coverage factor k=2.

Photo-transient response measurement

The photo-transient response system is shown in Fig. 3. It
consists of two high-speed silicon optical detectors as a ref-
erence detector for response time measurement model num-
bers 818-BB-21 and 818-BB-31 working in spectral ranges
of 300 to 1100 nm and from 1000 nm up to 1600 nm respec-
tively. The 818-BB-21 biased silicon detector has an active
diameter of 0.40 mm with a rising time response of <300
ps, and the 0.10 mm active diameter InGaAs detector with
a< 175 ps rising time. A quartz tungsten halogen (QTH)
lamp was used as a light source powered by a stabilized DC
power supply of Newport, the beam emitted from the lamp
passes through a controlled chopper equipped with a feed-
back frequency system. Both the sample under test and the
reference detector are connected to two channels of digital
storage 200MHz oscilloscope GDS-2202 [38]. The photo-
transient response was performed via several on—off cycles
under a QTH irradiation source at a biased voltage of 1.5
Volt [48, 49]. Figure 9 shows the photo-transient response of
the Tb/Al/Cr/p-Si heterostructure photodiode; it is obvious
that the structure displays good reproducibility and stability
under several on—off shopped cycles of intermittent irradia-
tion [50].

The photosensitivity (S,,), is defined as the ratio of pho-
tocurrent (Iph) to dark current (I, ) thus it is calculated as
follows:

1 h
Spn = )
Idark

Figure 10 shows the photosensitivity (S,;,) plot versus
illumination intensity power at different biased voltages. The
heterostructure exhibits high photosensitivity as the photo-
sensitivity increases with illumination intensity.
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Table 2 The uncertainty budget of I-V characteristics for Tb/Al/
Cr/p-Si photodiode

Relative standard
uncertainty in %

Uncertainty component

1. Reference radiometer 1.00
Irradiance measurements (certificate) 1.00
irradiance repeatability 0.003
Non-linearity of the radiometer 0.0005
Reference radiometer (multimeter) 0.006
Reference radiometer drift 0.002
2. Solar simulator 0.53
Spatial non-uniformity 0.19
Spectral Mismatch 0.5
Dark background 0.01
Irradiance temporal stability 0.01

3. Uncertainty of DC voltage measurement 0.0050
DC voltage Signal repeatability 0.0050
Voltage DAQ (certificate) 0.00002
4. Uncertainty of DC measurement 0.001
5. Uncertainty of temperature measurement 0.2
Combined relative standard uncertainty in % 1.15
Expanded uncertainty (k=2) % 2.30

Conclusion

The I-V characteristics and photoresponsivity properties of
the Tb/Al/Cr/p-Si heterostructure photodiode diode were

@ Springer
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Fig. 9 Transient response of Tb/Al/Cr/p-Si heterostructure photodi-
ode

measured in dark and under different illumination intensities
in the range of 200—1000 W/m? using the I-V system. The
standard thermionic emission (TE) theory was used to deter-
mine the electrical parameters of the heterostructure such as
ideality factor (n), barrier height (@), and series resistance
(Rs). Moreover, a comparative study has been done using an
alternative method suggested by Cheung and Nord. The (®)
and series resistance (Rs) obtained from both methods are in
good agreement with the values obtained from the standard
(TE) theory. The responsivity of the structure to illumination
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indicates that photodiodes have the potential to be used as
solar detectors, especially, in the forward region, where the
photocurrent increases with increasing illumination intensity
due to the formation of electron-hole pairs. The expanded
uncertainty related to the I-V curves was estimated as 2.3%
at a confidence level of k=2.
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