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Electrical characterization study of hybrid heterojunctions (HHJs) based on CdS and poly(3octylthiophene) (P30T) is performed in order
to know the process repeatability and materials homogeneity that may influence on power conversion efficiency (PCE) of CdS/P30T pho-
tovoltaic (PV) solar cells. Basic statistical and numerical techniques for solving linear equations were used for systematic analysis of PV
performance of those HJs. Adjustment curves were calculated from experimental data with the adjustment factor equal to almost 99.9 %,
which means that the model has a high confidence level. They also were combined with theoretical models to establish a mathematical
model that can describe the electrical performance of the mentioned junctions. PV response was analyzed under different illumination con-
ditions, 23, 40, 124 and 285 mW/énof I, level. The relationships between short circuit currehi{) and open circuit voltagelipc)

with irradiance level [-) were determined with high confidence level too. The dependende®©bn I, is linear, wherea¥o - depends
logarithmically onI,.. and onJsc. For spectral response a 100 Watts halogen lamp and light filters from 400 nm to 689 nm of wavelength
were used. The maximum incident photon converted to electron efficiency (IPCE) was experimentally determined at 2.75 eV of photon
energy. This value corresponds to the optical forbidden gap of the inorganic semiconductor material. The obtained results are in agreemen
with the theoretical concepts of PV devices.

Keywords: Photovoltaic effect; short circuit current; open circuit voltage; irradiance.

En este trabajo se realiza un estudio sisttoo de la caracterizatm ekctrica de heterounionegbnidas con la finalidad de conocer la
repetitividad del proceso y la homogeneidad de materiales que se utilizan para preparar dispositiésscelestemiconductores para
aplicacbn fotovoltaica. La caracterizami ekEctrica de dispositivos fotovoltaicos se realiza para saber su eficiencia de camderginerg.

Para el adlisis sisteratico de los resultadoséddtricos, se utilizaronétnicas Bsicas estddticas y de ratodos fimericos para resolver
ecuaciones lineales que involucrangaetros dctricos del dispositivo. Las curvas de ajuste obtenidas a partir de los datos experimentales
presentaron un factor de ajuste del 99.9 %, lo que significa un alto nivel de confianza en el modelo. Estas curvas de ajuste fueron combinade
con modelos tericos para obtener un modelo matino que describe el comportamientéattico de este tipo de uniones edfieas. La
relacbn entre la corriente de corto circuitddc) y el voltaje de corto circuito{oc) con el nivel de irradiancialt..) se determinaron con

un alto nivel de confianza. Las curvas demuestran.fjuedepende linealmente cdn,, mientras que eVoc depende logdmicamente.

Por otro lado,Voc depende logdimicamente defsc. La respuesta fovoltaica fue analizada a 23, 40, 124 y 285 mWVéamivel de
irradiancia. Se utilizaron filtros de 400 a 689 nm de longitud de onda yampdra de hageno de 100 Watts para obtener la respuesta
espectral. La raxima eficiencia de convetsi de fotones incidentes (IPCE) se deter@naxperimentalmente en 2.75 eV de enarde los
fotones, valor que corresponde con el ancho de banda prohibida del material semicondu@ordaotgs resultados obtenidos concuerdan

con los conceptos éeicos kasicos de dispositivos fotovoltaicos.

Descriptores: Efecto fotovoltaico; corriente a corto circuito; voltaje a circuito abierto; irradiancia.

PACS: 73.50.h; 73.40.c; 73.61.r; 85.60.Bt; 85.60.Dw

1. Introduction quired. The common procedure is to get the current versus
voltage curves, called I-V curves, for both test conditions.
Electrical characterization of a semiconductor electronic deParameters gotten directly from the I-V curves, are open cir-
vice is an effective way to get knowledge about the physicaFuit voltage {oc) and short circuit current/sc). The first
behavior of each component layer as well as that of the whol@ne has been related mainly with energy differences levels
junction. Test conditions depend on the device applicationdt the interface of the electron-acceptor and electron-donor
and in the case of PV semiconductor devices electrical chafaterials according to a flat energy band analysis [1]. On
acterization under dark and illumination conditions are rethe other hand, thésc value depends on the generation and
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1. level applied on the front or back surface of PV devices.

3 02107t G'OXIO_ID}@M il (. Based on extracted and calculated PV parameters, the device
i 4.0x10 = e ? performance can be evaluated for its PV application. Physical
., 0?.10’4:- < 2-0X1g0' . phenomena occurred in PV devices are so-called photovoltaic
8. ¥ b $ effects, and the conversion from solar energy into electrical
5 dl -2.0x10™% bd energy is well described in literature [1-5]. Statistical anal-
<': 1.0x10 -4.0x10™ s b‘ﬂ‘. ysis is useful to know process repeatability, semiconductor
g i Potential [mV] 8 thin layer homogeneity, and device reliability about its elec-
— 0.0 trical performance. Following this kind of analysis, mathe-
[ : —=— Dark matical models describing the experimental behavior can be
-1.0x10™ .-"""‘W_ ( —=— Tllumination gotten based on experimental data and simple correlation and
=300 -200 -100 0 100 200 300 regression analysis.
Potential [mV] Organic or polymer PV devices can be prepared using

different types of device structures [6-8]. Heterojunctions
(HJs) are one of them. They can be prepared either pla-
nar [1,9] (separated electron donor and acceptor layers), or

FIGURE 1. |-V curves of CdS/P30T hybrid HJ in dark (solid line)
and under illumination conditions (circles) at 88 mWFcof ...

level bulk structure (mixed electron donor and acceptor materials
to form a single PV active layer) [10]. There are technolog-
ical differences between them, but the main one is the in-
— 60 - %] terfacial area [4]. About PV cell preparation process, pla-
Bt A nar heterojunction (HJ) is easier to prepare and to analyze
b I N than bulk HJ. In the organic materials family a bulk HJ
< 40r has been shown higher PCE than the planar one. In previ-
= ous works [9,11], we have developed planar HJs based on
A - poly(3octylthiophene)-cadmium sulfide for photovoltaic ap-
» 201 .H. plication. A statistical study about the photovoltaic perfor-
2 . mance of organic/inorganic HJ is presented in this work.
o om0 TEE . .
40

124 285 2. Experimental
Irradiance [mW - cm’z]

23

Hybrid HJs based on planar structures ITO/CdS/P30T/Cu,
FIGURE 2. Distributions of.Jsc data at different,., levels. were prepared for this statistical study. Transparent conduc-
tive ITO substrates were cleaned before CdS layer deposition
collection of the two free charge carriers, electrons and holedollowing the procedure described in Ref. 6. Layers of CdS
Charge carrier generation could be done by different sourcesyere deposited by chemical bath deposition (CBD) [12,13].
for instance light and heat. When light is the source therelhe obtained CdS layers had a thickness of 200 nm and they
are two principal parameters that impact on this free chargeere used as-prepared without any further heat or chemical
carriers generation, light intensity and light wavelength. Thetreatment. P30T in toluene solution was drop-cast on CdS
first is related to thd,.,. and can be analyzed from the power film, as described in previous reports [1,14]. The thickness
conversion efficiency (PCE) results. The second one is anaf deposited P30T films were about 200 nm, measured on
lyzed by calculating the incident photon converted to electroran Atomic Force Microscope (AFM, NanoScope Multimode
efficiency (IPCE), which is also called internal quantum effi- Scanning Microscope) [14]. P30T and CdS optical band gap
ciency [2]. Since the amount of available photons varies with(Eg) is about 1.8 eV and 2.4 eV, respectively [1,12]. The
the photon wavelength [3], reaching to maximum values atHighest Occupied Molecular Orbital (HOMO) level and the
visible region, the IPCE depends on the absorption coeffielectron affinity §) of P30T are 5.4 eV and 3.4 eV, respec-
cient and band-gap of absorbing material in a solar cell. Coltively [1].
lection of free charge carriers depends on the materials prop- The top contact of HJs was Cu [1,15]. Cadmium sul-
erties like mobility, lifetime carrier recombination issues, re-fide (CdS) is the electron acceptor and poly(3octylthiopene)
sistivity, and so on [4]. Another two parameters, PCE andP30T) is electron donor in this HJ. The electrical contact
fill factor (F'F) are calculated based dryc and Js¢ lev- between CdS and ITO was ohmic behavior [11]. Electri-
els [4]. PCE is the ratio between the output power and theal characterization of CdS/P30T hybrid HJs at@5n air
incident power of the PV devices. Output power, also calledvas done with an automatic data acquisition system which
maximum power, is straightly related to the electrical per-consists in a Keithley 230 programmable voltage source and
formance of the photovoltaic devices; it is calculated as the Keithley 619 electrometer/multimeter, both coupled each
product of Js¢ and Vpe. It is also related with theé'F, other and connected to a personal computer. Illlumination
which depends on the I-V curve shape. Incident power is thef HJ devices was through ITO layer by using a 100 Watts
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TABLE |. Estimated electrical parameter values of different hybrid HJs.

Iy Voo Jsc 1076 Jo107° FF Reshunt 108 n b5
(mWicn?) (mV) (mA/cn?) (mA/cm?) ) (eV)
285 211 44.00 0.0884 0.34 8.2 1.53 1.02
124 200 16.40 0.0884 0.422 27 0.71 1.02
40 156 3.40 0.0884 0.398 130 0.79 1.02
23 134 2.63 0.0884 0.327 85 0.83 1.02
285 183 60.6 0.115 0.381 6.0 0.54 1.01
124 164 26.6 0.115 0.338 12 0.57 1.01
40 148 7.74 0.115 0.39 50 0.65 1.01
23 152 4,01 0.115 0.412 140 0.77 1.01
285 117 50.40 0.177 0.291 2.8 0.43 1.00
124 233 16.40 0.177 0.357 28 1.00 1.00
40 196 5.30 0.177 0.388 100 1.10 1.00
23 164 2.84 0.177 0.378 200 1.08 1.00
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FIGURE 3. Jsc vs. I, linear (a) and logarithmic scale (b).

halogen lamp. Thd,.,. level was 88 mWi/crh close to
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Irradiance [mW - cm'z]

FIGURE 4. Vo dependence on thi.,. level.

models based on experimental data. These models describe
electrical behavior of hybrids HJs with a high confidence
level.

3. Results

The current through PV devices increases significantly when
the cell samples are under illumination conditions, as showed
in Fig. 1. When HJ is in dark there is no electric energy gen-
eration (solid line). The I-V curve shows soft trace under

84 mWyicnt corresponding to AM1.5 spectrum [1]. The mea- illumination conditions, the kind of the trace impacts on the
surement was done at three different zones of each sample kill Factor (F F') of the PV devices [6]. Higher values &fF
order to get information about the sample homogeneity. Staare expected for soft traces, while resistive traces have lower
tistical analysis was performed using free software. Correlaf’ I’ values. Experimental |-V curve can be modeled using
tion and regression analysis was done to get mathematicahe following mathematical model [1]:
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250 on thel,, level but on the zone of the sample, which is ex-
pected. According to the results showed in Table I, there is a
dependence of thésc andVp ¢ values on thd,... The Js¢&
dependence on thg.,. level is shown in Fig. 2. It is clear
that the highest/s¢ is obtained at higher,.. levels. Also

at higherl,.,. levels, theJso data distribution is more open.
According to the experimental data, the relationship between
the Js¢ andl,., is linear (Fig. 3). The different symbols (tri-
angles, squares and circles) correspond to the measurements
taken from three different zones of the samples. Solid line
corresponds to the line of better adjustment of the experimen-

V. [mV]

0. . s tal data. The adjustment factor (R) has a value close to one
L P 10 (0.998 average, inset of Fig. 3a), which means a very good
Jox10" [mA -cm’] agreement between the linear adjustment with experimental

data. Based on that, the relationship betwdep and I,.,

FIGURE 5. Logarithmic correlation betweevioc andJsc. can be written as follows:

14 Jsc = (0.1821,, — 2.3)107° )

12} / It can be seen in Fig. 3b that the dependencé4ef on

10k 1, follows the power law,/s¢ vs. I.. Values ofa close to

one are expected for PV devices where bimolecular recombi-

]L nation has no impact and therefore transport of hole and elec-
o tron can be done with comparable efficiency [2]. In this case

6 9 ais 1.11, in average, therefore we can declare that bimolec-

4 / ular recombination is present. It is also reported that for high

2

0
1

IPCE[%]

1. levels theJsc magnitude is limited by this mechanism or
o 5 tends to be saturated.
If the Eq. (1) is analyzed at zero current conditions (open

! ! : circuit) and noRg influence, the following equation is ob-
.6 2.0 2.4 2.8 3.2 tained,

Photon energy [eV]

nkT Jsc
FIGURE 6. IPCE of the hybrid HJ at different photon wavelength Voc=—|—+1 ©))
values. 9 Jo

Combining Eg. (2) and Eg. (3),

qV — R, V — R,I nkT ((0.182IM - 2.3)10_6 >
I=1;—|I, EASEnLL LI | R L Voo = 1 +1 4
L [ {eXp( nkT ) % Retunt ] @ oc= T Jo @

This model is obtained from a basic electrical circuitin-  Therefore a logarithmic dependence betwéén: and
cluding an ideal diode, a series resistankg)and a parallel 1 |eye| js expected, which can be corroborated in Fig. 4.
resistance Rsnun) [1]. As shown in the inset of Fig. 1the The yse of Eq. (4) to calculate expected valuekgf based
theoretical and experimental curves match very well. Thereg, I, measurements could introduce calculate errors, be-
fore values of important parameters of HJs can be extracteghse it does not take into account resistive effects. In or-
and estimated, that are listed in Table . The procedure t0 g&fer to get more accurate estimated valuedgf based on
the barrier heightdg) is explained in literature [1,4]. In this experimental data the following equation is used,
case, its value is estimated at 1.0 eV approximately. Accord-
ing to the energy flat band diagram, the energy difference aVoc Voo
between Lowest Unoccupied Molecular Orbital (LUMO) of I =1o (eXp ( kT ) - 1) +
P30T and Conduction Band (EC) of CdS is 1 eV approxi-
mately [1]. It means that thermionic emission mechanism is  Solving Eq. (5), by numerical methods, it is possible to
dominating in the current transport. It shows in Table | thatestimateVoc. A comparison between experimental data
the higher thed,.,. the higher the influence of thRsh,ne The  (different symbols) and estimatdd, values is shown in
ideality factor @) has not a clear correlation with the,., Fig. 4. The maximum mismatch values is around 3 mV,
and in the best of the cases it is 1, which is the ideal casevhich means the experimental-theoretical model is very ac-
The reverse saturation current densifiy)(does not depend curate.

®)

Rshunt
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On the other hand, the Eq. (4) also indicates a logarithbehavior. With this systematic study it was demonstrated
mic correlation betweelp andJsc, which can be corrob- that I, level plays an important roll over the PV perfor-
orated in Fig. 5. The analysis of the electrical response witimance of CdS/P30T hybrid HJs. Physical and electrical pa-
light of different wavelength is done by calculating the IPCErameters involved in the mathematical models, describe HJ

as follows, electrical behavior with high confidence level. The obtained
1240 J experimental-theoretical models are a very useful and pow-
IPCE(%) = —~ ISC 10? (6)  erful simulation tool, which can be used to a continuous im-

rrA

provement. The internal photon to electron conversion effi-
where)\ andI,.,., are the light wavelength and the irradiance ciency depends on the wavelength of the incident light. Phys-
level at that wavelength, respectively. Units.Bf- could be ical, optical and mechanical characteristics of P30T and CdS
A (or mA)/m? and forI,,, could be W (or mW)/crh. Ex-  materials are highly compatible to prepare devices for PV ap-
perimental results are shown in Fig. 4. It can be seen thatlication.

the maximum IPCE value occurs at the energy of 2.75 eV

approximately. This value is close to the band gap value of

CdS , which is around 2.4 eV. It means the light is traveI-ACknOW|EdgmentS

ing thorough CdS layer and is being absorbed by the P30The authors thank Ceciliadpez-Mata for CdS/P30T solar
layer. Both layers met the objective for they were chosen age|| sample preparation. The financial support from DGAPA-
materials for PV applications. UNAM and CONACYyT is gratefully acknowledged.

4. Conclusions

A systematic analysis of electrical characterization lets us
get mathematical models to describe hybrid HJs electrical
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