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Abstract P-type copper aluminate CuAlO, thin film was
deposited on glass and silicon substrates by using pulsed
laser deposition technique to fabricate CuAlO, hetero-
junction photodetector without using any post-deposition
annealing. The structural, optical and electrical properties
of CuAlO, film were investigated. X-ray diffraction XRD
pattern showed that the diffraction peaks are assigned to
crystalline CuAlO, of rhombohedral crystal structure. UV—
Vis sprctrophotometeric measurement showed that average
optical transmission of 80% can be reached and the optical
direct and indirect band gap values were found to be 3.6 and
2.1 eV, respectively. The photoluminescence PL investiga-
tion showed the emitting peak is centered at 390 nm cor-
responds to 3.52 eV, which is close to the optical band gap.
Scanning electron microscopy SEM investigation revealed
that the film consists of some of agglomerated particles
having size in the range of 75 nm —1 pm. EDX analysis
shows that the deposited film has small-off stoichiometry
.The electrical and photoresponse properties of anisotype
p-CuAlO,/n-Si and isotype p-CuAlO,/p-Si heterojunction
photodetectors fabricated without using buffer layer were
measured and analyzed. The heterojunctions exhibited
good rectifying characteristics. The spectral response of
p-CuAlO,/n-Si photodetector showed maximum value of
responsivity approaching 541 mA/W corresponding quan-
tum efficiency of 90% at750nm under 2.5 V bias voltage.
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1 Introduction

P-type transparent conducting oxides TCOs have attracted
attention in the field of transparent optoelectronics devices
[1, 2]. Copper aluminum oxide CuAlO, thin film of opti-
cal energy gap of 3.5 eV at room temperature is one of
the promising TCOs which have been studied extensively
due to their high electrical conductivity and optical trans-
mittance in visible region [3, 4].Improvement the proper-
ties of CuAlO, films via doping divalent cation have been
reported [5, 6]. Various techniques were adopted to syn-
thesis CuAlO, films including sol-gel, wet oxidation, DC
sputtering, chemical vapor deposition, hydrothermal, spray
pyrolysis and pulsed laser deposition [7-11] .It is reported
that the deposition methods affecting the film characteris-
tics. Few data were reported on formation of the hetero-
structure between CuAlO, and Si. Dong et al. [12] study
the characteristics of P-CuAlO,/n-Si heterostructure pre-
pared by radio —frequency magnetron sputtering. Suzhen
et al. [13] study the electrical properties of P-CuAlO,/
(n-,p-) Si heterostructure synthesised by chemical solu-
tion technique, they revealed that p-CuAlO,/n-Si struc-
ture has a rectifying ratio of ~35 within the applied volt-
ages of —3.0 to +3.0 V, while the p-CuAlO,/p-Si structure
exhibits Schottky diode-like characteristics. Up to best of
our knowledge no data have been reported on fabricating
of CuAlO,/Si heterojunction by laser deposition technique.
Here we have reported the first study on preparation and
characterization of p-CuAlO,/n-Si and p-CuAlO,/p-Si het-
erostructure photodetectors by pulsed laser deposition PLD
technique.
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Table 1 The main specification of laser used in this study

Laser model Q-switched Nd:YAG

laser
Laser wavelength 532 nm
Pulse energy (100-1000) mJ
Pulse duration 9 ns

Inner circulation of
water for cooling

220V
(1-6) Hz

Cooling method

Power supply
Repetition frequency

2 Experimental details

The PLD system was used to deposit CuAlO, thin films
consisting of vacuum chamber with base pressure down
ABCD mbar and Q-switched Nd:YAG laser, the specifica-
tions of laser are listed in Table 1. Halogen lamps were used
for substrate heating. Single crystalline n-type and p-type
(100) wafers having electrical resistivity of 1-3 ABCD cm
and cleaned glass were used as substrates, the substrate
temperature of these substrates was maintained at 200 °C
during deposition process. The Laser beam was focused on
rotating sintered CuAlO, pellet to a spot diameter 1.5 mm
using positive lens of a 5 cm at an incident angle of 45°.
Preparation of the pellet was accomplished by mixing
of high purity CuO (10 g weight) powder and Al,O; (7 g
weight) and pressed using hydraulic press and finally, the
pellet was sintered at 1100 °C using controlled furnace .The
laser fluence used in this study (10 J/em?) was based on
the optimum value reported in ref [14]. After deposition of
CuAlO, film, X-ray diffractometer (Shimadzu - XRD6000,
Shimadzu Company /Japan) was used to investigate the
structure of the CuAlO, film .The surface structure of the
deposited film was investigated using scanning electron
microscopy SEM (T-scan Vega III Czech).The optical
transmittance of the film deposited on glass substrate was
measured by using double beam UV-Vis spectrophotom-
eter in the spectral range of 300-900 nm.The film mor-
phology was investigated using atomic force microscopy
(model AA3000) Fourier transformation infrared spectros-
copy FT-IR (Shimadzu IR Affinity—1) was used to examine
the chemical composition of CuAlO, film. Hall measure-
ment was employed to investigate the conductivity type
and to measure the mobility and electrical resistivity of the
deposited film. In order to investigate the figures of merit
of the CuAlO,/n-Si heterojunction photodetector, ohmic
contacts were made on CuAlO, film and silicon substrate
by depositing high purity Cu and In films, respectively,
using thermal resistive technique at pressure <107% torr
through square mask. After deposition of ohmic contacts,
the sample was annealed at 400 °C for 3 min under vacuum
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Fig. 1 Cross-sectional view diagram of P-CuAlO,/n-Si heterostruc-
ture photodetector

to improve the contact resistance. The photodetector sen-
sitive area was adjusted to be ~1 cm?. Figure 1 shows the
schematic diagram of CuAlO,/Si heterostructure photode-
tector, no buffer layer has been used between CuAlO, film
and silicon .The current—voltage of heterojunction photo-
detectors under dark and illumination conditions have been
investigated .The photocurrent was measured as function of
light intensity, a silicon power meter was used to measure
the light intensity.

The spectral responsivity of the photodetectors was
measured with aid of calibrated monochromator. All above
measurements were carried out at room temperature.

3 Results and discussion

Figure 2 shows XRD of CuAlO, film deposited on glass
substrate, two diffraction peaks located at 20=31.55°,
236.6° and 37.7° 2corresponding to (006), (101) and (012)
planes, respectively. These peaks are indexed to structure
crystalline CuAlO, with rhombohedral crystal JCPD PDF
#35-1401) [15] .It is noticed the film has poor crystalinity
due to probability of decomposition of CuAlO, film which
weakened the film crystalinity [6] and/or due to small off-
stoichiometry .

The SEM micrograph of CuAlO, film deposited on
glass substrate is shown in Fig. 3, it is clearly seen that
the film is smooth and covered with some of white and
grey large particles dispersed on the film surface with
sizes in the range ~(75 nm—1 pm) .The large grains are
ejected from the pellet formed by condensed vapor
from the plume. The Particulate formation is probably
due to expulsion of superheated subsurface melted tar-
get material when some of the material vaporizes. SEM
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Fig. 2 XRD pattern of CuAlO, film
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Fig. 3 SEM image of CuAlO, film surface. Inset is the magnified
SEM

investigation confirms that neither micro-cracks nor holes
and pits were noticed .EDX spectrum as shown in Fig. 4
confirms presence of peaks related to Si, Al, O, Cu, and
C. The existence of each C and Si peaks could be arose
from the substrate .The atomic ratio of Cu:Al:O was
about 1:1.2:1.7 indicating the formation of small off- sto-
ichiometry CuAl, ,O, ; phase which is in good agreement
with XRD result.
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Fig. 4 EDX spectrum of CuAlO, film
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Fig. 5 Optical transmittance of CuAlO, film deposited on glass

Figure 5 shows the optical transmittance spectrum of
CuAlO, film of 250 nm thick deposited on glass substrate.
It clearly seen from this figure that the film has an average
optical transmittance of ~80%.

The optical band gap E, of the films was calculated from
Tauc law:

ahv = A(hv - E,)" 1)
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Fig. 7 PL spectrum of CuAlO, film

where a is the film absorption coefficient, hv is photon
energy, A is a constant, h is the Plank constant, n is the
exponent that gives the type of band transition. For direct
allowed, n=1/2, for indirect allowed transition, n=2, and
for direct forbidden, n=3/2. The direct energy gap was
determined from the (akv)* versus ko plot by extrapolating
the straight line of the curve to thehv = O points as shown
in Figl. 6-a, while the indirect band gap was obtained from
(ahv)z versus ho plot (Fig. 6-b).The values of direct and
indirect band gap of the CuAlO, film were around 3.6 eV
and 2.1 eV, respectively, which in good agreement with
reported results [6, 15].

Figure 7shows the room temperature PL of CuAlO,
film, the emession peak is centered at 390 nm corresponds
to 3.52 eV which is very close to direct optical energy
gap calculated from optical absorption, indicating that the
emission with the excitation wavelength of 365 nm arise
from the CuAlO, near-band-edge transition [16, 17]. No
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Fig. 8 Room temperature I-V characteristic of Cu-CuAlO, contact

additional emitting peaks were observed in spectrum. Fig-
ure 8 displays the I-V characteristics of Cu/p-CuAlO, con-
tact. The contact exhibits the linear I-V over wide range of
applied voltage (—10 to 10 V) indicating formation of good
ohmic contact .This can be attributed to the thermal anneal-
ing that resulted in formation of metal deficiency layer near
CuAlO, surface and consequently this increased the num-
ber of vacancies and in turns increase the surface carrier
concentration [18].

Electrical measurement revealed that Hall coefficient
was found+ 59 cm?/C indicating the conduction nature of
the deposited CuAlO, film was p-type .The origin of p-type
conductivity of CuAlO, might be ascribed to excess of oxy-
gen within crystallite site according to the following defect
equilibrium equation [19]:

0,(8) =204+ V;, + V) +4nt

where Oy is the lattice oxygen, V, is the Cu vacancy,V,, is
the Al vacancy, and h represents the hole, respectively. The
x, — and +superscripts refer to effective neutral, negative
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and positive charge states, respectively.The value of electri-
cal resistivity and mobility of the film at room temperature
were 1.5x 10> Q cm and 2.9 cm? V™! 57!, respectively. The
value of mobility was comparable to that of film prepared
by spin-on technique [20]. The morphology and surface
roughness of the film was determined from AFM investi-
gation. Figure 9 shows two-dimensional 2D and 3D AFM
images (1.5%x1.5 um scanned area) and grain size distri-
bution plot of the deposited film. The AFM image showed
that grains are vertically oriented and have different sizes
due to coalescence of small grains.

The surface root mean square roughness RMS of the
film was found to be 8.18 nm.The grain size distribution
chart confirms that the grains have different sizes. The
average grain size has been estimated using software and
was around 80 nm. Figure 10 displays I-V characteris-
tics under forward and reverse directions of anisotype
p-CuAlO,/n-Si and p-CuAlO,/p-Si heterojunctions at dark
condition, the rectification factor was found to be around
for 18 CuAlO,/n-Si, while for isotype p-CuAlO,/p-Si, the
rectification factor was around 9 within applied voltage
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—2.5 V to +2.5 V. The forward current I; increases with
applied voltage in both heterojunction and it clearly seen
that its value for CuAlO,/n-Si was larger than that of
CuAlO,/p-Si.The current transportation for p-CuAlO,/p-Si
heterojunction is representing as Schottky barrier devices,
the turn-on voltage was estimated to be as small as 1.2 V
which is in good agreement with the results reported for
CuAlO,/p-Si prepared by chemical solution deposition [13]
.The ideality factor of the heterojunction  was calculated
from the following equation and was found as 2.5 and 4
for CuAlO,/n-Si and CuAlO,/p-Si heterojunctions, respec-
tively, indicating the domination of the current transport by
recombination process.

j_ 4 AV
IS

The large value of ideality factor indicating can attrib-
uted to structural defects originated from interfacial defects
and surface states as well as the lattice mismatch lattice
between CuAlO, film and Si substrate [13]. The reverse
current was found to be near voltage independent for bias
voltage V.. 3 V, but at 3 V starting of soft breakdown
was noticed for CuAlO/p-Si heterojunction. The illumi-
nated I-V characteristic of CuAlO,/n-Si and CuAlO,/p-Si
heterojunctions under reverse direction is given in Fig. 11.

The on/off ratio (photocurrent to dark current ratio) of
CuAlO,/n-Si heterojunction (Fig. 11-a) was calculated and
found its maximum value was around 95 at light intensity
and bias voltage of 160 mW/cm? and 2.5 V, respectively,
while it was 17 for CuAlO,/p-Si heterojunction (Fig. 11-b).
This result can explained on the basis that the CuAlO,/p-Si
has larger dark current and smaller photocurrent which
probably resulted from small space charge region formed
in this contact compared to large deletion region in the
case of CuAlO,/n-Si heterojunction. It is obvious from this
figure that increasing the light intensity leads to increase
the photocurrent due to generation of e-h pairs arise from
absorption of the light in the depletion region and/or dif-
fusion length .On the other hand, no saturation in photo-
current was observed at large light intensity indicating the
good linearity characteristics of photodetector as shown in
Fig. 12

The spectral responsivity R, plot of heterojunction at
—2.5 V bias is given in Fig. 13. The responsivity was calcu-
lated from the following equation.

I
R, = %’1 3)
where L, is photocurrent at specific wavelength and P
is the incident light power at specific wavelength. It is
clearly that peaks of response of these two heterojunc-
tions was located at 750 nm (due to absorption edge of
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Fig. 11 Illuminated I-V characteristics of CuAlO,/n-Si heterojunc-
tion (a) and CuAlO,/p-Si heterojunction (b) at different light intensi-
ties

underlaying substrate) with flat response of 400-750nm.
We have noticed a shoulder at short wavelength in the
spectral response plot which can attributed to the absorp-
tion edge of CuAlO, film. The maximum responsivity of
heterojunction was 541 mA/W and 400 mA/W at 750 nm
for CuAlO,/n-Si and CuAlO,/p-Si, respectively. The
responsivity of CuAlO,/p-Si (isotype) at peak response was
lower than that for CuAlO,/n-Si (anisotype) heterojunc-
tion because it has small depletion layer width compared
to that for CuAlO,/n-Si [13, 21]. The large value of sensi-
tivity makes these photodetectors competitive to other high
sensitivity wide band gap—silicon based heterojunction
photodetectors [22, 23]. The maximum quantum efficiency
of CuAlO,/n-Si photodetector was estimated and it founds
about 90% and it was 66% for CuAlO,/p-Si at 750 nm as
shown in Fig. 13.This figure confirms that no effect of sub-
strate conductivity type (-p or -n type silicon) on the loca-
tion of peak of response of the photodetectors.
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Figure 14 displays the specific detectivity D* of photo-
detectors versus wavelength at 2.5 V bias, the peak detec-
tivity of the synthesised photodetector is approximately
210" W' ¢m Hz (Jones) at 800 nm for anisotype hetero-
junction, the calculation of D* based on assumption that the
shot noise I is the dominant source of the noise current I .
The value of D* of CuAlO,/p-Si was smaller than that of
CuAlO,/n-Si due large leakage current and lower responsiv-
ity of the former. Decreasing the D* after 800 nm is due to
recombination effect. The corresponding NEP was calculated
from the following equation which found to be 5x 107> W.

AAF)OS 0.5
NEP = % = #

= : )

N
(]

—o— CuAIO2/p-Si
| —=— CuAlO2/n-Si

= = N
o (6] o
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(9]
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Wavelength (nm)

1000

Fig. 14 Specific detectivity as function of wavelength for
CuAlO,/n-Si and CuAlO,/n-Si heterojunctions

In = [s = (2quAf)05 (5)

where A is the sensitive area of photodetector and Af is the
bandwidth and 1 is the dark current.

4 Conclusions

P-CuAlQO, thin film was deposited on glass and silicon
substrates by pulsed laser deposition technique. XRD
results showed that the deposited CuAlO, was polycrys-
talline in nature with rhombohedral crystal structure.
The film has an average optical transmittance of 80% and
the optical energy gap of the film was 3.6 eV for direct
transition and 2.1 eV for indirect transition. PL data of
the film revealed that the emession peak is centered at
390 nm corresponds to 3.52 eV. The p-CuAlO,/n-Si het-
erostructure exhibited rectification characteristics better
than CuAlO,/p-Si heterostructure, the current transport
of CuAlO,/p-Si contact is similar to the Schottky diode.
The CuAlO,/n-Si photodetector figures of merit were bet-
ter than that of CuAlO,/p-Si photodetector, both photode-
tectors have broad band spectral response of (400-900)
nm with peak peaks of response located at 550 and
750 nm .The responsivity of CuAlO,/n-Si at 550 nm was
359 mA/W and was 532 mA/W at 750, while the respon-
sivity of CuAlO,/n-Si at 550 nm was 359 mA/W and was
532 mA/W at 750,. The high value of responsivity of
synthesised photodetector suggesting that the technique
used here was encouraging and promising for fabricat-
ing simple and cost- effective high performance visible
photodetector.
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