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Abstract-We report the effects of the surface morphology of highly doped p-i-n GaAs elaborated on
high index GaAs substrates namely (111)A and (114)A, on the optical and the electrical
properties.The studied samples were fabricated by Molecular beam epitaxy (MBE). The optical and
electrical characterizations were investigated via photoluminescence (PL), Time-Resolved
Photoluminescence (TRPL), photocurrent (PC) spectroscopy andcurrent voltage (IV). PL
measurements showed different peak emissions which are more pronounced in the PL spectra of the
sample grown on (111) A. The presence of the PL peak emissions was attributed to the arsenic
vacancy defects that change into pairs of Ga vacancy and Ga antisite defects when the Arsenic
pressure is high. This result is attributed to the orientation dependence of the surface bonding and the
kinetics of the MBE growth process. Moreover, a strong correlation between the PC measurement
and carrier lifetime was observed, which is attributed to efficient photocarrier generation in the
active layer of thecells. This is due to the presence of photo-generated carrier transfer from defect
levels, induced by growth process, to the GaAs spacer layer. The (IV) characteristics in dark and
illumination conditions show aninteresting results.
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I. INTRODUCTION
P-i-n GaAs solar cells grown on (100) oriented GaAs substrates were quite investigated [1, 2, 3].
However, there is an utter lack regarding the properties of p-i-n GaAs grown on substrates other than
the conventional (100) orientation. Recently, interest in the use of high index substrates has increased
[4, 5, 6]. It was shown that the growth of GaAs on high index substrates relies on the growth
parameters [7,8].These substrates exhibit a piezoelectric field that can be added to the internal
electric field of the solar cell and consequently accelerate the spatial charge separation.
Over the last few years, the record energy-conversion efficiency for gallium-arsenide (GaAs) solar
cells has broken 40% threshold and continues to increase [9]. Primarily, the choice of GaAs was
attributed to its high electron mobility, its direct forbidden band and the good control of its
mechanisms during MBE growth [10]. So as to acquire the best yield from GaAs devices, several
suggestions have been reported just as the inclusion of multi stacked layers of InAs quantum dots
within the intrinsic region. [11, 12, 13]. Others put forward the use of the non- GaAs substrates
instead of the conventional one (001) [14].
Irrespective of the goal to realize high quality GaAs devices, High Miller index surfaces have
recently been proposed, in order to influence, through the substrates orientation, the growth
mechanisms, surface kinetics, impurity incorporation and strain relaxation and to obtain new
interfaces by growing on crystal orientations other than (001) [4,15].The regrowth on high index
planes has led to a great benefit for the research due to its prominence in the formation of advanced
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quantum structures such as quantum wires and quantum dots [4, 5,6]. Besides, the epitaxial layers
elaborated on high index surfaces depict a step forward in photovoltaic application, by dint of their
piezoelectric field that amends the energy band structure, which causes a significant change in the
optical proprieties [5, 6]. Choosing a piezoelectric field in the same direction as the one created by
the p-n junction (internal field), the spatial separation of carriers is accentuated which improves the
performance of solar cells.
In this context, we report the effect of elaborating p-i-n GaAs structures on high index substrates for
photovoltaic applications. Photoluminescence (PL), time-resolved photoluminescence (TRPL),
photocurrent spectroscopy (PC) and current voltage (I-V) are performed to investigate any
enhancement due to the high index surfaces exploitation. The obtained results may offer new
perspectives on the expansion of high III-V solar cells.
II.
EXPERIMENTAL DETAILS
Two samples were grown by solid-source molecular beam epitaxy (SS-MBE) on n+ GaAs (111) A
and (114) A oriented substrates. Samples were bonded side by side on the same substrate holder in
order to render them comparable (Figure 1 shows a schematic diagram of the structure).
Before the growth, the substrates were heated in-situ at 600°C where the thin oxide film was
desorbed under As4 flux bombardment. In situ, the morphology evolution was monitored by
recording the intensity’s evolution of the reflection high energy electron diffraction (RHEED). When
a clear reconstruction appeared, the temperature was then increased to 620°C. The structures
included 250 nm n+ doped GaAs buffer (4.55x1018 cm-3) followed by a 1000 nm n doped GaAs base
layer (4.33x1017 cm-3) . A further 245 nm semi insulting GaAs was then grown. The structures were
completed by the addition of 250 nm p-GaAs emitter layer (2.9x1018 cm-3) accomplished by 100 nm
p+ GaAs contact layer (3.4x1019 cm-3) . We call S1 the cell grown on (111)A and S2 the cell grown
on (114)A.
Silicon (Si) and Beryllium (Be) were used respectively as n and p type dopants. All the doping
densities were determined by Hall Effect. The growth rate for GaAs layers was 2.19 Å/s. In order to
check the growth, the temperature was calibrated by a pyrometer.
Photoluminescence (PL), time-resolved photoluminescence (TRPL), photocurrent (PC) and currentvoltage (I-V) are widely used in semi-conductors characterization. In fact the material proprieties can
be easily assessed. In (PL), an Argon (Ar+) laser with a wave length of 514.5 nm was used as an
excitation source to generate electron-hole pairs. The excitation density power was 100 W/ cm2. The
luminescence light from the samples was dispersed by a high-resolution spectrometer and detected
by a thermoelectrically cooled InGaAs photo-detector with a built-in amplifier. The measurements
were executed at low temperature (12K) and at room temperature (300K).
Time decays were measured using time-correlated single photon counting (Time- Harp, Pico Quant).
The samples were excited by 781 nm picoseconds pulses generated by a Pico Quant, LDH-781 laser
head, controlled by a PDL-800B driver. The setup was operated at an overall time resolution of ~30
ps. Decays were measured at the peak emission and reconvoluted using non-linear least squares
analysis (FluoFit, Pico Quant). The accuracy of fit was judged in terms of χvalue (with a criterion of
less than 1.1 for an acceptable fit) and weighted residuals.
The photo current measurements were investigated as a function of the wavelength. Indium zinc
(InZn) alloy was used for the top ohmic contact and indium (In) for the bottom contact. The
measurements were performed at 300 K using a photocurrent spectroscopy bench comprising a 100
mW tungsten halogen lamp, CVI CM110 1/8 monochromator and a keithley 6485 picoammeter.
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Fig 1. Schematic layers of the solar cells grown on (11N) n+ GaAs substrates

III.
RESULTS AND DISCUSSION
Typical AFM images of surface morphology grown on GaAs (111) A and (114)A substrates are
shown in Fig.2
(a))

(b)

Fig.2. AFM images of p-i-n
p
GaAs grown on: (a) (111) A, (b)
b) (114) A at TAs= 195°C

The (111) A surface shows trigonal pyramids in which the three sidewalls had equivalent
crystallographic faces. This observation suggests that the surface smoothness of the (111) A was
improved by the effect of the Arsenic
A
vapor pressure.. The pyramids density was 2x109 cm-2.
However the (114) surfaces are always perfectly plane and the crystallographic faces completely
disappear.
This texturing has a double advantage. Indeed, when this surface is illuminated with a light of
wavelength inferior to the dimensions of these pyramids, the light rays follow the laws of
geometrical optics.
ics. The insertion on the Fig.3 presents the principle of multiple reflections proper
pr
to
texturing. The relief of the surface causes a reduction in the reflection on the front face: a ray
arriving at a normal incidence (relative to the plane of the cell) on a pyramid will be reflected on the
@IJRTER-2017,
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face of an adjacent pyramid, this double reflection on the pyramids decreases the total reflection
coefficient, which is no longer R but R2. On the other hand, a normal incidence ray will be
transmitted in the cell with a refraction angle θ different from 0°. The path of this ray within the
GaAs will therefore be increased by a factor of 1/sinθ with respect to the case of a plane surface
perpendicular to the illumination, which will increase the photon fraction absorbed by the material.
The second advantage of this texturing is to increase the area of the cell exposed to light. This leads
to a more important trapping of the light penetrating into the cell
Fig.3 (a) shows the low temperature PL spectra of S1 grown on GaAs (111) A substrates. The PL
spectra exhibit an emission peak with the highest intensity at about 1.48eV. This latter can be
attributed to the recombination of electrons in the renormalized conduction band, with holes on deep
acceptor levels. The association of this emissions with a point defect is also strongly suggested.In the
shoulder of the strong PL signal around (1.50 eV), an emission was donated to the GaAs (gallium
anti-site defect). By comparison with the expected peak position of the band-to-band (e-h) emission
in n-type defect-free GaAs of 1.52 eV [16], we can deduce an acceptor binding energy of about
0.045-0.05 eV. This level can be a GaAs, which has a neutral charge state level at about 0.048 eV
over the valence band maximum [17].Additional peak is observed at about and 1.53 eV. This sample
hasa carrierconcentration n>1018 cm -3. For such a high free carrier concentration, previous works
[16, 17] reported a luminescence band originated to the recombination of the degenerate electron gas
with the holes in the valence band at about 1.52eV, with a slight reliance of its energy position on the
free carrier concentration [16].
In addition, a broad but weak band emission centered at about 1.23 eV, was observed. This
broadband emission is commonly related to the defect emission and probably due to Ga vacancies
(VGa) [18] or clustering of Si atoms around a point defect [19].
Fig.3 (b) displays the PL spectrum at room temperature. The identified emission peaks in Fig.4 (a)
are almost present with a slight red shift. We notice that the asymmetrical aspect is due to high
doping.
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Fig.3. PL spectrum measured at low (a) and room temperature (b) for sample S1

Fig.4 illustrates the PL spectra of S2, at a low temperature (a) and room temperature (b). The images
indicate the presence of three peaks (Fig.4 (a)). The first is associatedto the recombination of
electrons in the renormalized conduction band, with holes on deep acceptor levels. The second is
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attributed to GaAs at ~1.43 eV, which is referred to the low arsenic (As) fluxes (we remind that the
arsenic flux of S1 is still feeble compared to other studies [7]). At ~1.22 eV, the emission is
associated to the gallium vacancies level (VGa). The peak revealed in (Fig.4 (b)) at ~1.41 eV,
however, is attributed to the GaAs band gap emission.
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Fig.4. PL spectrum measured at low (a) and room temperatures (b) for samples S2

Time-resolved PL (TRPL) is one of the most powerful methods to understand the dynamics of
carriers in semiconductors. It can estimate the minority carrier lifetime from the decay time of bandto-band recombination and carrier dynamics via localized levels and trap states in the active layer of
solar cell devices [20]. This important parameter offered from the TR-PL characterization is essential
to control the performance of such optoelectronic device.
However, at a low-temperature, in which the doping levels dominate, the characterization of the
minority carrier lifetime is quite hard. Thus, TRPL measurements were performed at room
temperature, in which band-to-band transition can be a measure for the recombination of minority
carriers. Moreover, the ideal temperature for optoelectronic device operation is the room
temperature.
Fig.5 shows the PL decay curves, of the studied samples, measured at room temperature and at the
band gap emission wavelength. For both samples, the decay of photoluminescence emission is in the
nanosecond scale and the decaying part of the TRPL data was described by a mono-exponential
decay function expressed as:
= exp −
(1)
Where reflects the minority carriers lifetime and A is the amplitude which implies the number of
counts at the end of the excitation.
Carriers lifetime obtained from data’s fits are presented in Fig.5.The PL lifetime of sample S1
(3.52ns) is longer than S2. The measured decay time in S1 is around 4 times stronger than S2. The
slow PL decay time evaluated for sample S2 suggests the re-excitation of the minority carriers before
they recombine [21]. This result is mainly explained by the increase of the trapping rate into the
nonradiative recombination process occurring in the defect states, resulting from an increase in
carrier lifetime. In fact, it has been demonstrated that the presence of VGa and GaAs lowers the
electron-hole recombination efficiency, which is in good agreement with the (PL) results [22].
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Moreover, knowing that the diffusion length is the average distance a carrier moves along, before
disappearing, by recombination [20]. The increase of minority carrier lifetime in sample S1 indicates
the good collection efficiency of photo-generated carriers in active layer. This fact is not merelydue
to the nature of the (111) surfaces, but also, as demonstrated by PL measurements, it may be due to
presence of the multiple energy levels created by the doping and the growth conditions.

Intensity (a.u)

1

3,52 ns
0,951 ns
0,1

S1
S2

0,01
1

2

3

4

5

6

7

8

9

10

11

12

Time (ns)
Fig.5. Normalized TRPL spectrum for S1 and S2

In Fig.6 (a) and (b), the photocurrent (PC) of all samples is shown. The curves have almost the same
shape, however the maximum of the PC intensity changes. At the band gap of GaAs at (~866 nm),
the PC responses of the homojunctions drop sharply indicating that the absorption of photons takes
place only above the band-gap energy of GaAs (1.42 eV). An emission located at 1023 nm (1, 22
eV) due to the absorption from gallium vacancies level (VGa) (Fig.6). This latter was perceived in the
PL measurements. We noticed thatthe photocurrent intensities are very remarkable. The measured
photocurrent was equal to ~7 mA. As a matter of fact, the improvement in minority carrier
lifetime produced an enhancement in the collection of photo-generated carriers.
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Fig.6.Photocurrent responses for S1 and S2s at room temperature

In figure 7, we performed the IV characteristic in both dark and illumination conditions.
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Fig.7. Current versus voltage characteristics for S1and S2 measured under dark and illumination
conditions

Cell
S1
S2

RS (Ω)
7 .6
19

RSh(Ω)
2050
1993

VOC (V)
0.6
0.59

ISC (mA)
6
1.763

Table.1. PV device parameters for S1 and S2
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The basic photovoltaic device parameters extracted from the data are given in Table.1. It is noted that
the photovoltaic quantities of S1 are significantly better than S2. The improvement is recorded
mainly in the short-circuit current. By a comparison with a previous study done on the conventional
GaAs, the measured ISC was 1.5 mA [23]. While our results show a current 4 times stronger. With
the use of (111)A substrates, the short-circuit current was increased to 6 mA and thereafter the yield.
In fact, this result is attributed to the increase in the area exposed to light which is evident in the
(111) orientation.
IV. CONCLUSION
To sum up, the present paper qualifies the impact of textured surface on the optical and the electrical
properties of p-i-n GaAs grown on (111) and (114) orientations. There is a good correlation between
the (TRPL) and PC measurements, where we have found that the best carrier lifetime and the
photocurrent response are detected in S1.This improvement was primarily attributed to the
texturedsurface of the (111) orientation.In fact the surface morphology influences on different
characteristic parameters. Further exploitation of textured surfaces will provide a deeper
improvement for photovoltaic applications.
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