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In CdS/CdTe solar cells, the dependence on the frequency of the applied voltage is essential to improve theoretical results. Our mode
considers the conservation of energy and charge, a ternary layer, and the existence of plasmons at the interface. As a result, the capacitan
depends on the frequency of the induced field in the heterojunction. Likewise, a plasmon at the interface on the surface semiconductor wa:s
formed. Finally, the findings provided with the theoretical model and the experimental data were compared, and a better adjustment was
obtained.
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1. Introduction voltaic conversion has been one of the most studied areas in
the last years [8, 9]. The plasmonic effect is a crucial ingre-
The cumulative capacity of solar photovoltaic power in thedient for implementing most photovoltaic materials; this is
global markets continues to increase in popularity. From itgesponsible for the most exciting phenomena that such ma-
optical, electronic, and chemical properties, CdS is considterials present, for instance, negative refractive index, super-
ered the best-suited n-type heterojunction partner to CdTe fdensing, and cloaking [10, 11].
high efficiency and low cost, with a maximum theoretical ef-  The surface plasmons phenomenology has recently been
ficiency of about 22.1% for such cells [1]. investigated in various systems [6, 12—15], which aim to op-
Photovoltaic science and technology have been improvtimize the trapping of photons and absorption processes. In
ing simultaneously, and the development of their applica-addition, plasmons increase the capacity to generate electron-
tions has been outstanding. In China, the total annual sdiole pairs, allowing higher performance. This phenomenon
lar cell and module production capacity may increase fromis present in the interfaces of semiconductor thin films.
361 GW at the end of last year to up to 600 GW at the endrherefore, its study is necessary to understand photovoltaic
of 2022, according to the Asia Europe Clean Energy (solargnergy’s gain or loss mechanisms to improve the efficiency
advisory. The cumulative worldwide capacity of solar photo-of solar cells.
voltaic power continues to increase [1,2]. In this work, we were able to measure the solar cell capac-
In 2020 there was a world record in efficiency obtaineditance by applying an alternating voltage of frequesacgon-
with solar cells manufactured with thin-film technology at sidering the system at room temperature. With these assump-
23.4% [3], and maximum efficiency of 22.1% in CdTe thin- tions, it was possible to observe an increase of free charge
film solar cells was recently reported [4]. CdTe is one of thecarriers in each material that makes up the heterojunction;
best options for developing better and more efficient thin-filmthus, we can consider the semiconductor as a cloud of elec-
solar cells due to its excellent band gap (1.5eV) at room temtrons and holes [17,18]. When the frequency increases, some
perature, high absorption coefficient, very robust, and highlyroperties of these materials change, such as the electric per-
chemically stable [5]. On the scientific and technologicalmittivity [19, 20]. We report a theoretical study based on the
side, excellent results have been achieved [6, 7]. Creatingresence of plasmons in the interlayer, considering the fre-
new ones and improving the existing materials for photo-quency dependence of the applied voltage on the permittivity.
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The Capacitance-Voltage (C-V) graph is compared withThe dielectric permittivity can be written in terms of the elec-
the experimental results of the CdS/CdTe solar cells and preric susceptibility as
vious theoretical models. For instance, Castital. [21,22]

consider in their model a direct voltage and a constant electri- er = [1+x, )
cal permittivity; however, in the present report, an alternatingyhere
voltage which is more consistent with the experimental con- Y= P (5)

ditions, and a dependence on the electrical permittivity with E’

the frequency of the applied voltage is also assumed. As With P the polarization and the electrical field. _
result, we obtained a better fitting to the C-V graph experi- USing Egs. ), (4), and §), the frequency dependence is
mental data by using these premises as well as consisten@ptained for the electric permittivity as

for values of the discontinuity band and interface charge den- Arrne? w2

: - —ldre =1— —1-2
sity, respectively. er(w) =1+dnm T o2 (6)

mw?
with this expression, we can consider the following cases

2. Theoretical method e If w > w,, thene(w) > 0, which means that the wave

2.1. Dependence of the dielectric permittivity when ap- propagates.

plying a variable electric field to a semiconductor o If w < w,, thens(w) < 0, which implies that the wave

The theoretical model C-V for CdS/CdTe solar cells was im- decays exponentially.

proved as shown in Fig. 1. To obtain the relation of the dielecSince the field frequency is smaller than the CdS and the
tric permittivity with the frequency of the applied voltage dur- CdTe thin films plasma frequencies, the permittivity is nega-
ing the experimental measurement process, it was considerdiste [24].

the model of electron gas applying a positive background,

where the charge density is given py = nle|, wheren is ~ 2.2. Cardinal equations

the number of electrons per unit of volume, anid the fun- Cardinal i I lied to d ibe the el
damental electric charge. ardinal equations are usually applied to describe the elec-

If longitudinal waves are applied to the electron gas, gi.tronic behavior of solar cell [17, 21, 25]. In the model pro-

latations and contractions appear, destroying the charge nesEQSed here, the presence of a temary (J@5_;) in the

trality, and the presence of Coulomb restitution forces occur .eterOJ_unct!on IS cgns!dered., which appears during the p-n
We obtained the plasmon dispersion relation [23] eterojunction fabrication, withk = 0.75 [6]. The ternary

takes the place of an n-type semiconductor (CdS). To obtain
wl=w? (g) k2 ) the ternary stoichiometry, we use a Ii_near c_ombination of the

P n ’ CdS and CdTe parameters reported in the literature [26], con-
sistent with those obtained previously [27, 28].

with . RS X .
2y ne? : If a voltage {/,) is applied in the heterojunction, loses
Wp = ”mgov ) equilibrium, and quasi-levels replace the Fermi levels, hence,
wherew, is the plasma frequency, the electron mass, and Ep1 — Epa — AEy (temary — 4Va
k the wave vector.
If & = 0in Eq. (1), the displacement of the electron gas = qlps2(Va) = @s1(Va)l, (7)
is related to the polarization as where E and Ep are the differences between the quasi-
ne? energy Fermi levels corresponding to CdTe and (J@$ .,
P=ner=—-—3 (3) respectively. The interference potential of CdTe and the
mw ternary are respectively given by, (V,) ande,, (V,). Also
APEy emary is the valence band of the ternary avidis the
voltage applied at thg-n junction.
B 300nm Au The respective valence band levels are given by
B 2amcu E,y 3 m*p1
Epyi = Epp1 — Ey1 = =2 + ZkT1
B 3-4.5umcdTe FV1 Fnl vi 2 + 4 . M*eq
1 110-125 nm CdS Ny — N,
+ kT In =2 — qppy, (8)
B 0.5um Sn0xF n;
Glass Soda-Lima FE 3 mx
Ervas = Epps — Eva = =92 4 SpTIn—12
2 4 M*e2o
FIGURE 1. CdS / CdTe polycrystalline solar cell (second genera- Ny N
tion), where the CdS is used as window material and CdTe as the 4 kT Ilp—2 "t qpro. (9)

active material. n;
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The separation of Fermi quasi-levels is given by (see Table I). The permittivity values obey the dispersion re-
lation in Eq. 6) for a wave vector close to the plasma fre-

Ernm = Erp2 + ¢Va, (10) quency. The fact that the values of the plasma frequency

and the equation describing the charge neutrality is are Igss than the frequengymakes the permlttlwty negative,
causing the waves to be reflected and preventing them from
Q1[ps1(Va)] + Q2lps2(Va)] + go =0, (11)  propagating in the medium. Semiconductors, especially CdS

and CdTe, have low densities of free carriers, so the plasma
frequency is between the mid and near-infrared [29].

The Capacitance Voltage technique was used to compare
. goe(w)s;  ©=1 the theoretical results with the experimental ones and de-
szszgn[@sj(v )}ﬁwe p

where (Q; and @, are the non-equilibrium charges in the
semiconductors, which are defined by

2

BLp, termine the heterojunction’s physical properties. The C-V
measurements were done at a frequency of 0.1 MHz from
0 to 40 mV. From Egs. ) and (14), the capacitance val-
(12) ues have been obtained by varying the voltage in 0.05mV
intervals. The parameters used in the calculation are based
with j = 1,2. Hereu, = (Blor1 + vra])/2, B = q/kT  onthe experimental data and parameters reported in previous
and the sign depends on the value:pthen works [21, 22, 26]. Figure 2 compares the experimental data
(black spheres), the theoretical values considering only one
+1, u <0 ternary layer (Castill@t al. red spheres), and the theoretical

sign(u) = ) - (13)  results our model predict (blue spheres).
-1, u>

X (@SJ(VQ) - sinh [u4 ]

+ cosh [u4; — us;(V,)] — cosh [u] )1/2

A Schottky barrier in the contacts exists for the applied
There are an equal number of positive and negative charges woltage from 0 to 19 mV, inducing a non-ohmic behavior.
the interface of the materials where the space charge regiddo, there is a significant disagreement between theory and
behaves like a parallel plates capacitor, so the third cardinaxperiment in that voltage range. Furthermore, fitting the ex-
equation considered is

1 1 1

= + , (14) 1204 T T T T T T \ T
CdTe/CdSTe . Cilpa(Va)] * Calpea(Va)] @ Experimental Data ]
where € @ Ternary Layer o°‘
£ L ; i 29 §

o (an‘(w)sj)2 o [Sinh " L?:’mop @  With permittivity () o >
J 6L2D]QJ +J g o ) o

= "]

. qe0e(W)s; S sopf Y i
—sinh [uy — usl(Va)]] = T 5 °, %29
J " 020 0
s 2 [ e 9
X I:Nj+2N’n,ij~6 P 51nh[u+j—usj(Va)]], ;GE 6o - °°:°:°° i
(]
j=12. (15) 8 003330"
2,299

In the previous equatiord/; andC> are related to the ca- 40y ;3 089 i

pacitors formed by the ternary and CdTe layers, respectively. L — L
0 24 28 32 36 40

Voltage (mV)

3. Results

FIGURE 2. C-V plot. Comparison of experimental data (black
Using Egs. (2) and (6), the electrical permittivity and the spheres), interface ternary layer (red spheres), and the considera-
plasma frequency for each semiconductor were determinetbn of plasmon effect in permittivity (blue spheres).

TABLE |. Frequency of the applied voltage electric permittivitye -, frequency dependent electrical permittivity(w) and the plasma
frequency of the CdS and CdTe thin films.

Experimental Literature [26] Theoretical results
Applied voltage Electric permittivities Electric permittivities Plasma frequency
frequencyw (Mhz) er wp (Mhz) er(w)
Cds 0.1 9.12 0.292 7.5
CdTe 0.1 10.2 0.326 9.6
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perimental data allows getting the valence band discontinuityn space. Moreover, the plasmons frequency found is in the
value of AE, = 0.89 eV and the interface charge density infrared region, hence the plasmon does not affect the solar
o = 1 x 10" m~2 results consistent with those previously cell efficiency. The capacitance versus the applied voltage of

obtained [21]

4.

CdS/CdTe thin-film solar cells has been calculated. Compar-

ing to previously reported theoretical results where frequency

Conclusions

dependency over the electric permittivity is not considered, a

better fitting with our model is achieved.

Our results offer insight into understanding physical phe-
nomena involved in semiconductor interfaces; such findings
could provide tools for improving solar cells. Considering ACknowledgment
the frequency of the alternating incoming voltage, we found
that plasmons in the interface are formed with a plasmd his work was partially supported by COFAA-IPN, EDD-
frequency greater than the frequency of the applied voltiPN, EDI-IPN, Sistema Nacional de Investigadores (SNI-
age, which makes a negative permittivity; thus, electromagCONACYT) and Instituto Poléécnico Nacional (SIP-IPN
netic waves are reflected and therefore decay exponentiallgroject Numbers 20220573, 20221817 and 20221554).
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