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Hybrid solar cell based on polythiophene and
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Hybrid solar cells based on poly(3-hexylthiophene) (P3HT) and Galium nitride (GaN) nanoparticle bulk heterojunc-
tion are fabricated and analyzed. The GaN nanocrystal is synthesized by means of a combination of sol–gel process with
high temperature ammoniation using Ga(OC2H5) as a precursor. Their characteristics are determined by X-ray diffraction,
X-ray photoelectron spectroscopy, and scanning electron microscopy. With the addition of GaN nanoparticle to P3HT, the
device performance is greatly enhanced.
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1. Introduction
There has been great interest in hybrid organic–inorganic

solar cells due to the low cost of their material and solution-
based processing techniques, creating the potential for large-
scale, cost-effective solar cells. In recent years, various so-
lutions for processed bulk-heterojunction solar cell devices
have been reported using p-type conjugated polymers with n-
type inorganic semiconductor nanoparticles. These nanoparti-
cles include TiO2,[1–5] PbS,[6,7] PbSe,[8] CuInS2,[9] CdS,[10]

CdTe,[11] and ZnO.[12–15] These hybrid polymer/inorganic
nanoparticle bulk heterojunction solar cell devices are more
advantageous over the devices fabricated with solution pro-
cessing of polymer semiconductor and high electron mobility
of inorganic semiconductor.

In order to obtain high currents and fill factor devices,
both electron and hole mobility must be optimized and bal-
anced. This can be achieved by improving electron transport
through the inorganic component in the conjugated polymer.
Some studies indicated that hybrid solar cells could be fabri-
cated using a combination of a semiconducting polymer and
ZnO nanoparticle via a solution-based approach.[16–18]

Gallium nitride (GaN) has a direct and wide bandgap of
3.39 eV at room temperature, and is a well-known semicon-
ducting material for short wavelength optoelectronic devices.
The conduction band minimum (CBM) of GaN has a more
negative conduction bandedge than that of TiO2. The electron
mobility is higher in GaN than in other n-type metal oxides.

The present study focuses on the synthesis of GaN
nanoparticles by the sol–gel method. The nanocrystal char-
acteristics are determined by X-ray diffraction (XRD), X-

ray photoelectron spectroscopy (XPS), and scanning elec-
tron microscopy (SEM), and then the GaN and poly(3-
hexylthiophene) (P3HT) solution process bulk heterojunction
solar cell can be achieved. The I–V characteristic of the solar
cell is measured.

2. Experiment

2.1. Synthesis of GaN nanoparticles

GaN nanoparticles were prepared by sol–gel process. 5-g
Gallium was dissolved in mixture of concentrated hydrochlo-
ric acid and concentrated nitric acid with a blend volume ratio
of 1:1 (both of them are 30-mL). After a strong reaction with
smoke and heat release, a light yellow solution was generated.
With ammonia added, the PH value of the solution was be-
tween 7.2∼8.0 in this process, and sol appeared. The solution
was transparent until we poured citric acid into the solution.
Then, 2-g more acid was dropped into the solution. The solu-
tion was heated with an alcohol lamp for 2 hours before mass
gel appeared. The samples were cooled to room temperature.
A two-hour calcination in Muffle furnace at 400 ◦C made the
gel into dark grey multilayer. Finally, we obtained the grey
dry Ga2O3 gel powder after grinding. For the nitridation pro-
cess, the prepared Ga2O3 was placed in a horizontal quartz
tube under a flowing NH3 atmosphere and annealed at proper
temperature (in this paper, three temperature were taken) for
80 min. The samples were then cooled slowly to room temper-
ature in an environment of flowing N2. Yellow colored GaN
nanoparticles were produced.
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2.2. Preparation of solar cell devices

ITO-coated glass substrates were first cleaned by ultra-
sonic agitation in detergent, de-ionized water, acetone, and
ethanol sequentially. Then, the substrates were dried by flow-
ing N2, followed by oxygen plasma treatment for 5 min. The
PEDOT:PSS solution was dropped and coated on the sub-
strates and dried at 120 ◦C for 10 min. Then, the substrates
were taken into a glove box. Before preparing the mix-
ture solution of P3HT and GaN, P3HT solution (20 mg/mL)
and GaN solution (5 mg/mL, 10 mg/mL, 15 mg/mL, and
20 mg/mL) in chlorobenzene were first prepared, respectively.
Then, the P3HT and GaN solutions were mixed together and
spin-coated onto the surface of PEDOT:PSS followed by be-
ing annealed for 10 min at 120 ◦C in the glove box. Al film
was electron beam-evaporated through a shadow mask. The
schematic illustration of the device is shown in Fig. 1.
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Fig. 1. (color online) Schematic (a) side view layer structure and (b) a
part of the device on the ITO-coated glass.

2.3. Characterization of material

The GaN nanocrystal analysis was conducted using XRD,
SEM, and XPS. The XRD pattern was recorded using an
X-ray diffractometer using Cu Kα radiation of wavelength
λ = 1.5406 Å in the scan range 2θ = 10◦–80◦.

2.4. Testing of photovoltaic device

The current–voltage characteristics of the solar cell de-
vices were measured at room temperature. The light intensity
was about 100 mW/cm2 on the sample surfaces measured with
a photo detector and the short current and open circuit voltage
were recorded.

3. Results and discussion
Figure 2 shows XRD patterns of the GaN nanoparti-

cles under different nitridation processes at (a) 950 ◦C, (b)

1050 ◦C, (c) 1100 ◦C. As shown in the figure, the sizes and pu-
rities of samples are different, and the observed peaks clearly
suggest that 1050 ◦C is the optimum temperature. At a lower
temperature of 950 ◦C, the Ga2O3 could not turn into GaN ab-
solutely, so GaOOH is present, while at a higher temperature
of 1100 ◦C, some of the GaN decomposes and the intensity
of the GaN pattern reduces to some extent. The XRD peaks
indicate that GaN nanoparticles have wurtzite structure well
matched with standard GaN according to the Joint Committee
on Powder Diffraction Standard (JCDS) card. Traditionally,
the broadening of the peaks in the XRD patterns of solid pow-
der indicates that the sizes of GaN particles are in a nano range.
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Fig. 2. XRD patterns of the GaN nanoparticles at (a) 950 ◦C, (b)
1050 ◦C, and (c) 1100 ◦C.

The crystalline domain diameters of the GaN particles are esti-
mated from the full widths at half maximum (FWHMs) of the
XRD peaks according to the Debye–Scherrer formula[19,20]

d =
Kλ

Bcosθ
,

where d is the particle size, λ the wavelength of X-ray radi-
ation, B the FWHM of the peak, θ the angle of diffraction,
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and K the correction factor contributed from the geometry of
the crystallites. Borchert et al.,[21] Klug and Alexande[22]

modified the above equation for more accurate calculations
by adopting geometrical factor K = 0.9 of the nanoparticles,
the average particle sizes of the GaN nanoparticles, calculated
from the diffraction peaks observed through the Scherrer for-
mula, are in a range of 15 nm–20 nm.

A typical SEM image is presented in Fig. 3, showing the
sample at 1050 ◦C for 80 min in nitridation process. The sizes
of the particles are in a range of about 15 nm–20 nm. Their
surfaces are very smooth.

Fig. 3. SEM micrograph of GaN nanoparticles.

Figure 4 shows the XPS patterns of binding energies rang-
ing from 0 eV to 1400 eV for the sample at 1050 ◦C for 80 min
in nitridation process. We can conclude that the elements of
the martial are Ga, C, N, and O, more details of the samples
are presented in Table 1.
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Fig. 4. XPS patterns of sample b.

Table 1. Percentages of elements in samples.

Sample Ga N C O
a 40.15 38.05 10.17 11.63
b 45.58 46.92 3.64 3.86
c 38.54 37.02 11.21 13.23

The pattern shows the peak of the Ga 3d at 19.8 eV and
the peak of Ga 2p3 at 1117.4 eV, which can be assigned to the
Ga–N bonding. Furthermore, the peak of N 1s is at 397 eV but

not at 399 eV, which can also be assigned to the Ga–N bond-
ing. On the other hand, there is a peak of O 1s at 530.8 eV
and no peak of Ga 3d appears at 20.8 eV, so there is no Ga–
O bonding[23–25] and the presence of oxygen is in a chemical
adsorption state.

The I–V behaviors of the solar cells are in-
vestigated under the irradiation of the solar simula-
tor. Figure 5 shows the photovoltaic responses of the
devices of ITO/P3HT/PEDOT:PSS/Al and ITO/P3HT-
GaN/PEDOT:PSS/Al, respectively. In P3HT-only devices, the
lack of an electron-accepting material means that any built-in
potential must arise from the junction with the electrode, so
the P3HT device exhibits little photoactivity. The photovoltaic
response based on P3HT/GaN composites is greatly enhanced.
Isc can be improved significantly to reach 3.5 mA/cm2 and the
Voc to 0.71 V. The enhancement of photovoltaic response can
be explained in the following way. GaN nanoparticles with
nanometer diameters are dispersed in the P3HT phase and act
as electron accepting species. When excitons are produced in
P3HT polymer during irradiation, the excitons in P3HT may
migrate to the interfaces of P3HT and GaN nanocrystals, at
which charge separation could take place. The increase in
interfaces between electron donor (P3HT) and electron accep-
tor (GaN) enhance the excitation separation. This causes the
photocurrent of the device to be enhanced. The effect can be
made more significant by increasing the GaN nanoparticles in
the P3HT/GaN nanocomposites.
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Fig. 5. Current density and voltage characteristics of ITO/PEDOT :
PSS/P3HT/Al and ITO/PEDOT : PSS/P3HT-GaN/Al devices.

In bulk heterojunction solar cells, charge transport is also
responsible for the device performance. In order to study
the influence of the concentration on device characteristics,
the GaN solutions with different concentrations of 5 mg/mL,
10 mg/mL, 15 mg/mL, and 20 mg/mL are prepared. Figure 6
shows the I–V behaviors of four devices with different con-
centrations and the device parameters are presented in Table 2.
It is obvious that, with the increase of concentration, the val-
ues of Voc change slightly, but the values of Isc increase dra-
matically. When the concentration is 15 mg/mL, we obtain

028802-3



Chin. Phys. B Vol. 23, No. 2 (2014) 028802

the best performance, which is likely to be due to the forma-

tion of nice transport network in the active layer of the device.

Further increasing GaN concentration, such as 20 mg/mL, the

current density decreases, which is attributed to poor morphol-

ogy of the blend film with high GaN concentration limiting

charge transport, as shown in Fig. 7. The surface topogra-

phies of GaN:P3HT films with different GaN concentrations

are investigated with tapping mode atomic force microscopy

(TM-AFM). The layer with 20 mg/mL shows a rough topog-

raphy with a root-mean-square (RMS) surface roughness of

25 nm, which indicates a coarse phase separation, while the

film with 15 mg/mL shows a much smoother surface with an

RMS surface roughness of only 4.7 nm, implying a better sur-

face morphology. The maximum performance of the solar cell

is obtained at a GaN concentration of 15 mg/mL, an open cir-

cuit voltage Voc of 0.71 V, and a short circuit current density

Jsc of 3.5 mA/cm2. With the increase of GaN content in the

blend, the performances of the cells deteriorate.
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Fig. 6. Current density and voltage characteristics of different GaN
concentrations.

Table 2. Performances of P3HT-GaN solar cells with different GaN
concentrations.

Device Voc/V Isc/(mA/cm2) FF/%
5 mg/mL 0.73 1.13 35.5
10 mg/mL 0.7 2.15 39
15 mg/mL 0.71 3.5 44.2
20 mg/mL 0.7 2.30 41.6

250 nm 250 nm

(a) (b)

0 nm

50 nm

Fig. 7. (color online) AFM height images of GaN:P3HT at (a) 15 mg/mL and (b) 20 mg/mL.

4. Conclusions

In conclusion, hybrid solar cells are fabricated by blend-
ing nanocrystal GaN and conjugated polymer P3HT as ac-
tive layers, where the GaN nanoparticles are synthesized via
a solution-based approach. The sizes and element percentages
of the particles are quantitatively investigated using XRD and
XPS. It can be seen that the performances of this new type
of solar cells vary with GaN concentration. At 15 mg/mL, the
best results are obtained with an open circuit voltage of 0.71 V
and a short circuit current density of 3.5 mA/cm2.

References
[1] Lechmann M C, Kessler D and Gutmann D 2009 Langmuir 25 10202

[2] Kwak E S, Lee W, Park N G, Kim J and Lee H 2009 Adv. Funct. Mater.
19 1093

[3] Sung W J, Hyun S H, Kim D H, Kim D S and Ryu J 2009 Science 44
3997

[4] Chandrasekar R, Zhang L F, Howe J Y, Hedin N E, Zhang Y and Fong
H 2009 J. Mater. Sci. 44 1198

[5] Hau S K, Yip H I, Acton O, Baek N S, Ma H and Jen A 2008 J. Mater.
Chem. 18 5113

[6] Gao L, Tong B, Yao G J, Dong Y P, Zhang M F and Lam J 2005 Acta
Polymer Sin. 3 313

[7] Mcdonald S A, Konstantatos G, Zhang S G, Cyr P W, Klem E J and
Levina I 2005 Nat. Mater. 4 138

[8] Choudhury K R, Sahoo Y, Ohulchanskyy T Y and Prasad P N 2005
Appl. Phys. Lett. 87 073110

[9] Arici E, Sariciftci N S and Meissner D 2003 Adv. Funct. Mater. 13 165
[10] Lee W, Baek S J, Min S K, Cai G, Lee K and Cho B W 2008 J. Nanosci.

Nanotechnol. 8 4730
[11] Verma D, Rao A R and Dutta V 2009 Solar Energy Materials and Solar

Cells 93 1482

028802-4

http://dx.doi.org/10.1021/la900980y
http://dx.doi.org/10.1002/adfm.v19:7
http://dx.doi.org/10.1002/adfm.v19:7
http://dx.doi.org/10.1007/s10853-008-3201-1
http://dx.doi.org/10.1039/b808004f
http://dx.doi.org/10.1039/b808004f
http://dx.doi.org/10.1038/nmat1299
http://dx.doi.org/10.1063/1.2011768
http://dx.doi.org/10.1063/1.2011768
http://dx.doi.org/10.1002/adfm.200390024
http://dx.doi.org/10.1166/jnn.2008.IC53
http://dx.doi.org/10.1166/jnn.2008.IC53
http://dx.doi.org/10.1016/j.solmat.2009.03.030
http://dx.doi.org/10.1016/j.solmat.2009.03.030


Chin. Phys. B Vol. 23, No. 2 (2014) 028802

[12] Kyaw A K K, Sun X W and Jiang C Y 2009 Sci. Technol. 52 348
[13] Beek W J E, Wienk M M and Janssen R A J 2005 J. Mater. Chem. 15

2985
[14] Saunders B R and Turner M I 2008 Science 138 1
[15] Zhu Y B, Hu W and Na J 2011 Chin. Phys. B 20 047301
[16] Wang M and Wang X 2008 Solar Energy Materials and Solar Cells 92

766
[17] Beek W J, Wienk M M and Rene A J 2006 Adv. Funct. Mater. 16 1112
[18] Li S S, Zhang Z and Hang J Z 2011 Chin. Phys. B 20 127102
[19] Maleki M, Sasani M G, Mirdamadi S H and Ghasemzadeh R 2007

Semicond. Phys., Quantum Electron. Optoelectron. 10 30
[20] Cullity B D 1978 Elements of X-ray Diffraction (Lebanon, Indiana:

Addisonwesley)

[21] Borchert H, Shevchenko E V, Robert A, Mekis I, Kornowski A and
Grubel G 2005 Langmuir 21 1931

[22] Klug H P and Alexander L E 1974 X-ray Diffraction Procedures for
Polycrystallione and Amorphous Materials, 2nd edn. (New York: John
Wiley & Son)

[23] Choi J H, Ham M H, Lee W and Myong J M 2007 Solid State Commun.
142 437

[24] Sidorenko A, Peisert H, Neumann H and Chasse T 2006 Appl. Surf.
Sci. 252 7671

[25] Amanullah F A, Pratap K J and Babu V H 1998 Mater. Sci. Eng. B 52
93

028802-5

http://dx.doi.org/10.1088/1674-1056/20/4/047301
http://dx.doi.org/10.1016/j.solmat.2008.01.015
http://dx.doi.org/10.1016/j.solmat.2008.01.015
http://dx.doi.org/10.1002/(ISSN)1616-3028
http://dx.doi.org/10.1088/1674-1056/20/12/127102
http://dx.doi.org/10.1021/la0477183
http://dx.doi.org/10.1016/j.ssc.2007.03.034
http://dx.doi.org/10.1016/j.ssc.2007.03.034
http://dx.doi.org/10.1016/j.apsusc.2006.03.053
http://dx.doi.org/10.1016/j.apsusc.2006.03.053
http://dx.doi.org/10.1016/S0921-5107(98)00113-5
http://dx.doi.org/10.1016/S0921-5107(98)00113-5

	1. Introduction
	2. Experiment
	2.1. Synthesis of GaN nanoparticles
	2.2. Preparation of solar cell devices
	2.3. Characterization of material
	2.4. Testing of photovoltaic device

	3. Results and discussion
	4. Conclusions
	References

