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The twining of alternative-current (AC) with electrochemical etching (ECE) to fabricate porous silicon
(PS) is studied. The porosity percentage is obtained by gravimetric analysis. The effect of different
current densities; 20, 25 and 30 mA/cm?” at 30 min on morphology and electrical properties of PS have
been investigated. The electrical properties of I-V characteristics, Schottky barrier height,
photoresponse and resposivity of PS are analyzed. The quantum efficiency is measured under different
current densities. The obtained results showed quite distinguished results for best performance of
photodetectors.
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1. INTRODUCTION

Crystalline silicon is most widely used in the integrated circuits industry. The anodic attack of
single-crystal silicon has led to a wide range of mechanical sensor. In fact, under electrochemical
etching of doped silicon wafer in (HF/Ethanol) solution, the metal on the back of doped Si wafer for
using as ohmic contact and controlled current density leads to fabricate macro or nano porous silicon
(PS) layers achieved by the standard direct current (DC) and alternating current (AC). PS has been
widely used to achieve many interesting characteristics such as direct energy band gap [1]. Although
microporous silicon presents a very high specific surface [2], PS may has optical properties completely
different from the bulk but it retains the crystallinity of the substrate.

El-Bahar and Nemirovsky [3] have reported the formation of PS under alternating current (AC)
conditions instead of applying direct current (DC) electrochemical process. They have explored the
main advantages of (a) The alternating current formed PS and exhibit higher mechanical stability, (b)
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The alternating current process can be performed without deposited backside contact. They have
simplified the process, permitted its integration with high temperature processing steps and clean
furnaces of a modern very large scale-integrated technology. Otherside, Barodovoi et al. [4] have
studied the dark and light I-V characteristics as well as spectral curves of planar Ni-porous silicon-p-
Si-Ni heterostructures. They have shown that the photogeneration in heterostructure occurs both in the
region of thin PS layer and p-Si base. Avalanche breakdown is observed in the heterostructure at
applied voltage biases V > 8-10 V and T=77 K. The coefficient of multiplying at V=11 V that has been
achieved at 60 (dark) and 200 (light) belongs to silicon n'- p-i-p” avalanche photodiodiodes. While,
Naderi and Hashim [5] have researched a combination of electroless and electrochemical etching of
silicon surface for enhancing the uniformity of fabricated PS substrate and improving the sensitivity of
photodetectors. They have modified photo-assisted pulsed electrochemical etching of silicon by
introducing a novel parameter called delay time (T4), along with cycle time and pause time, of pulsed
current, which can affect the morphology of pores. This technique offers the possibility of growing
photoluminescent materials with uniform pores and selective wavelength emission. They have proved
that within 2 min, a significant increasing of intensity of Raman spectrum is due to enhanced surface-
assisted multi-phonon processes in porous film. A redshift of 2.5 cm™ and a peak broadening of 1.4
times has been observed for this porous sample compared with those of crystalline silicon. And
theoretically, Al-Douri et al. [6] have achieved theoretical works about using empirical
pseudopotential method (EPM) to calculate the energy gap of Si which is found to be indirect. They
have investigated features such as refractive index, optical dielectric constant, bulk modulus, elastic
constants and short- range force constants have. Also, they have derived the shear modulus, Young’s
modulus, Poisson’s ratio and Lame’s constants for both bulk Si and PS. They found that the Debye
temperature of PS is estimated from the average sound velocity.

In this work, we have fabricated PS using photoelectrochemical etching (PECE) with
alternating current (AC) and have prepared Schottky devices by choosing n-type (100) at different
current densities with constant etching time. The morphology of PS is studied. I-V characteristics
under forward bias Schottky barrier heights, ideality factor at room temperature, photoresponse and
responsitivity are measured for photodetectors applications.

2. EXPERIMENTAL PROCESS

Single crystal wafer of n-type (100) Si of 1-10 Q.cm resistance were cut into square with area
1.7 cm®. The silicon wafer was cleaned by Radio Corporation of America method (RCA) before PS
formation. For PS fabrication, we have used anodization cell which is made from Teflon. The silicon
wafer fixed and sealed through O-ring, the front side of the silicon wafer is contacted with the solution
(HF: ethanol) and the back side is contact with the copper to get contact. Figure 1 shows the set-up of
PS formation.

The Si wafer was immersed by a mixture of electrolyte solution HF, 48% and ethanol, 98%
concentrations. The aim of this addition is helping to remove the H, gas bubbles from the sample
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surface that formed during the anodization process [7], the Si wafer acts as the anode and the cathode
is made of platinum or other HF-resistant conductive material.
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Figure 1. Experimental set-up of porous silicon (PS) fabrication.
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Figure 2. The schematic diagram of photodetector.

The formation of PS layer is using the AC process in the chemical solutions HF: ethanol (1:4)
at different current density; 20, 25, 30 mA/cm? of 30 min under external incandescent light. To obtain
photodetectors, metal-semiconductor-metal (MSM) contacts are fabricated by depositing silver (Ag)
with thickness about 200 nm onto the PS surface. Ag is used as Schottky contact since it has the
highest metal work function. The structure of MSM photodetector consists of two interdigitated
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Schottky contact (electrode) with finger width of 230 pm, finger spacing of 400 um and the length of
each electrode is about 3.3 mm. Each electrode has four fingers as schematically shown in Fig. 2.

Contact annealing was done at 450° C for 30 min to pledge Schottky contact as well as to
improve the contact properties.

Figure 3. Metal mask contacts pattern of MSM photodetector.

Figure 3 shows the fabrication of contacting pad of MSM photodetector array was followed
after the formation of metal mask fingers. The AC into PS was characterized by high resolution Field-
Emission Scanning Electron Microscope (FE-SEM), (NOVA NANO SEM 450) and analyzed using
metal finger mask that deposited by (electron beam evaporator ATO 306 vacuum coater), Keithley
electrometer (model 6517A) was used to measure the current-voltage (I-V) characteristic and current-
time (I-T) at room temperature. The spectral responsivity of PS-based devices was measured using a
monochrometor (Jabin-Yvon Co.).

3. RESULTS AND DISCUSSION

The frequency of AC is important to determine the PS properties and is found to be in order of
50 Hz to obtain a uniform layer. A high frequency cannot be applied since the electrochemical process
has a characteristic time constant in the range of microseconds limiting the frequency of few kilohertz
[3].

The effect of increasing etching current density on the morphological properties of PS layer
was investigated. The FE-SEM image of Fig. 4a of PS etched at a current density of 20 mA/cm?
exhibits two regions on the surface, pores with pits. The pits indicate a start of etching process on the
silicon wafer. Increasing etching current density to 25 mA/cm? (Fig. 4b) causes an increase in the pore
diameter and different porous morphology. The etching rate increases as a function of etching
conditions, such as HF:ethanol concentration, etching duration and current density [8]. Pores are
distributed regularly on the surface. A more uniform distribution of pores was obtained when the
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current density was increased to 30 mA/cm? as shown in Fig. 4c, the more homogeneous distribution

of pores was obtained compared with other wafers that prepared with different electrolyte
compositions [9].
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Figure 4. FE-SEM images of PS prepared at etching time of 30 min and different current density (a)
20 mA/cm? (b) 25 mA/cm’ (¢) 30 mA/cm’.

This could be attributed to the presence of ethanol, active surface agent that removes hydrogen
bubbles during etching and reduces surface tension [10]. FE-SEM is important to evaluate the porosity
percentage using gravimetric measurements method (weight method) [11].
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P(%)=(m;-m,)/(m;-ms) (1)

where m; is the sample weight before etching, m; is the sample weight after etching and mj is
the sample weight after removing the PS layer with 3% KOH or 20% NaOH solution. A summary of
PS characteristic at different current densities and fixed etching time is given in Table 1. These results
are explained basing on etching rate, where etching rate increases with silicon dissolution efficient
accompanied with the production of PS.

Table 1. Etching current density and etching time correspond to porosity percentage of PS.

Etching current density  (HF:ethanol) ratio Etching Time Porosity (%)
(mA/cm?) )

20 1:4 30 323

25 1:4 30 45.97

30 1:4 30 53.79

This leads to formation hetrojunction device between PS layer and the silicon substrate [12].
When metal makes contact with semiconductor, a barrier is formed at the metal- semiconductor
interface. This barrier is responsible for controlling the current con- duction as well as its capacitance
behavior.

Figure 5 shows current-voltage (I-V) characteristics of PS MSM photodetector, which
comprised back-to-back Schottky diode from -5 to 5V with Ag electrodes, where measured under dark
and illumination (tungsten lamp) conditions as a function of different etching current densities. The
variation in forward bias characterizations is controlled by PS layer resistance. This result explains the
reduction of flow current in forward bias with increasing the etching current density [13]. The porosity
increases as etching current density increases and hence the resistance of PS layer becomes too high.
This will reduce the forward current density. When the porosity increases, the pore wall which acts as
carries trapped will increase to form a high resistive region which decreases the current passing
through the PS layer [14,15]. The response of the MSM photodetector increases with the bias voltage
and it saturates gradually when the voltage is beyond 2 V; the recombination current is dominant for
equilibrium case the recombination process will take place. This means that each excited electron from
valance to conduction band will recombine with a hole in valance bond. At high voltage region, the
thermionic emission and the carrier velocity increase as the biasing voltage and the current increase
exponentially with the applied voltage which exceeds the potential barrier. This voltage gives the
electron enough energy to overcome the barrier height that is called diffusion current [15].

Under dark condition, the current at 5 V is found lowest than the illumination at the same bias
voltage. This shows that the light illumination can effectively create electron-hole pairs in PS and
greatly increases the carrier density. While, under illumination condition, light impinges onto the PS
layer, the high energy photons are absorbed by PS layer to produce more electron-hole pairs, the
application of a bias voltage to Ag contact creates an electric field within the underlying PS layer that
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sweeps the photo-generated carriers out of the depletion region, resulting in photocurrent with voltage
[16].
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Figure 5. The I-V characteristics of MSM photodetector prepared under different dark and
illumination conditions at (a) 20 mA/cm? (b) 25 mA/cm? (¢) 30 mA/cm®.

This indicates that PS beneath the Ag MSM electrodes and plays a major role in reducing the
dark current, meanwhile enhancing the photocurrent [17,18]. The Schottky barrier height (SBH) can be
derived using forward- biased I-V curves. By assuming the flow current mechanism is governed by the
thermionic emission conditions, the SBH can be determined from the I-V measurements based on eq.
(3). Figure 6 shows a plot of Inl as a function of voltage to calculate the barrier height for Ag contact
on PS at different current density, where measured under illumination and dark conditions. The #; and

n were determined by using thermionic emission equation [19]:
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I=1I,[exp{-}—1] 2
I,= A**AT? exp {— %} 3)

where /, is the saturation current density based on thermionic emission theory, n is slope
parameter for ideal devices equals 1, K is Boltzmann's constant, T is the absolute temperature, 4** is
the effective Richardson coefficient, 4 is area of the Schottky contact is equal to 1.5 % 10 cm?, g is
the electron charge and @5 is the barrier height. The theoretical value of A * can be calculated using:

A" = 4rm*qK? /h? 4

where h is the Planck's constant and m* = (.93 m, is the effective electron mass for n-Si. The
value of A*™ is determined to be 112 Acm™ K™ for n-Si [20]. For determining the ideality factor and
Schottky barrier height of fabricated devices, a linear line was obtained by plotting the logarithm of
current verses voltage from the I-V characteristics data. From eq. (3), the slop of this line is ¢/nKT and

y- intercept is In/, [21].
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Figure 6. Barrier height for Ag contact on PS under (a) illumination and (b) dark conditions for
different etching current densities.

Table 2 summarizes electrical measurements at 2V of SBH, ideality factor, saturation and
leakage currents for 20, 25 and 30 mA/cm?.
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Table 2. The Schottky barrier height (SBH), ideality factor (n), saturation and leakage currents under
illuminated and dark conditions of PS at different etching current densities.

20 mA/cm” 25 mA/cm? 30 mA/cm”
Illuminated Dark Illuminated Dark Illuminated Dark
Current (A) at | 6.03x10° | 9.1x10° [4.11x10° |8.11x10° |2.22x10" |2.07x10™
2V
SBH (eV) 0.53 0.55 0.54 0.56 0.56 0.59
Ideality factor 6 7.5 4.06 6.7 2.2 3.7
(n)
Saturation 1.96x10° | 9.05x10" | 1.33x10° 6.1x107 | 6.15x107 | 1.93x107
current (A)
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Figure 7. The photoresponse of the photoconductor device for repetitive switching of the blue
illumination at V=3 V applied across two electrodes for (a) 20 mA/cm® (b) 25 mA/cm? (c) 30

mA/cm?>.
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Figure 6 indicates that it gets smaller values under illumination than under dark condition.
However, it can be seen that the difference of SBH between illumination and dark conditions for 20,
25 and 30 mA/cm? is 0.02, 0.02 and 0.03 eV, respectively. This indicates that 30 mA/cm? has higher
change in SBH. Moreover, it should be noted that the low dark current in 30 mA/cm? could be due to
the enhancement of SBH, which reveals that 30 mA/cm? is more sensitive to illumination. The surface
roughening also plays an important role on the interface between the metal, PS surface and resulting in
improvement of the electrical properties [22]. Furthermore, the values of ideality factor are quite near
to unity which indicated good quality of Schottky contacts and thin interface layer. Thin layer may be
responsible for the lower dark current [23]. The high etching current density (high porosity) may move
the surface Fermi level downward to the valence band and thus increase the SBH to result in a
reduction in the leakage current [21].

The photoresponse (on-off response) of the device measured for repetitive switching of the blue
light illumination (A=460, intensity [=70000) with a constant voltage of 3 V applied across the two
electrodes is shown in Fig. 7. The rise time of photoconductive device was obtained under different
current densities 20, 25 and 30 mA/cm? to be 0.0279 s, 0.0114 s and 0.029 s, respectively corresponds
to the decay time that was obtained to be 0.0281 s, 0.0127 s and 0.023 s. One can also see from Fig. 7,
the intensity of the blue illumination increases as the etching current density increases. In case of high
current density (high porosity), the good response times are mainly attributed to the lack of defects in
PS. The fast response in MSM photodetector is usually related to the transit time of photo-generated
carriers [24], while the slow response in a PS MSM photodetector is usually attributed to the oxygen
adsorption at the surface and grain boundaries [25,26].

Figure 8 shows the measured spectral responsivity R (A/W) as a function of wavelength for
MSM photodetector. Photodetector responsively was measured as a function of the incident light
wavelength through xenon lamp. The measurements were achieved in the range of 400-900 nm under
5 V applied bias, it shows that the spectral responsivity lies within the visible region, while the peak
and value of spectral responsivity are varied for different etching current densities. The light
responsivity (R) of PS was calculated using the following relationship [27]:

R =2t 5)

Pine

where 1, 1s the photocurrent which represents the number of incident photons and P;,. is the
incident optical power. The light wavelengths of the fabricated Ag PS MSM photodetector was
obtained for different current densities 20, 25 and 30 mA/cm?® of about 699.32 nm, 683.43 nm and
626.37 nm and the maximum peak responsivities were obtained to be 0.0339 A/W, 0.08 A/W and 0.5
A/W, respectively. The variation of the spectral responsivity depends mainly on the thickness of the
photoactive layer and the electrode coverage [28], the high response corresponds to the thicker layer,
normally high porosity (resulted from 30 mA/ cm?) produce thick layers. This can be explained in
terms of porosity increasing. Indeed, the increasing of porosity leads to increasing the electron—hole
pair in the depleted region as a consequence of a decrease of absorbed photons by PS and strong
absorption by silicon [29]. This is a logical result because a high thickness of PS has to produce more
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electron—hole pair; however, the photodetector of etching current density 30 mA/cm? produces a larger
responsivity. It seems the recombination process takes importance because of the larger way of the pair
generated to arrive at external contact [30]. Finally, it can be seen that almost all the spectral responses
of photodetectors have a maximum value around 600 to 700 nm.
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Figure 8. The responsivity of Ag/PS/Ag as the function of the wavelength for MSM photodetectors
prepared for (a) 20 mA/cm? (b) 25 mA/cm?” (c) 30 mA/cm?.

Quantum efficiency () is an important parameter to evaluate the performance of photosensitive

device; it is related to the number of electron-hole pairs excited by absorbed photons and is given by
[31]:

n=RX— (6)

where 7 is the quantum efficiency, 4 is the incident light wavelength, / is Planck constant and ¢
is the speed of light. From eq. (6), the quantum efficiency was obtained under different current
densities 20, 25 and 30 mA/cm® to be 6.01%, 14.5% and 99.5%, respectively. This high quantum
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efficiency may be attributed to the high internal gain. According to Liu et al. [32], this indicated that a
Schottky barrier at the metal electrode semiconductor interface can exhibit hole-trapping in the
reversed-bias junction that shrinks the depletion region and allows tunneling of additional electrons
into the photoconductor; if electrons pass multiple times, this mechanism yields photoconductive gain
greater than unity. Moreover, their evolution as a function of etching current density is also identical to
those of spectral responsivity. Thus, the interpretation of these spectra and their evolution as a function
of etching current density is the same to those of spectral responsivity.

4. CONCLUSION

The AC within ECE gave successful results for forming PS. The SEM results exhibit at 30
mA/cm® high porosity and uniformed distribution at 30 min. It is found that under illumination
condition, the current and ideality factor have inversely correlation with current density, while
saturation and leakage currents correlate directly with current density. The effect of current density is
observed on photoresponse and responsivity. The results gave distinguished quantum efficiency of
photodetectors performance of 30 mA/cm®.
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