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Negative capacitance (NC) in dye-sensitized solar cells (DSCs) has been confirmed experimentally. In this work, the
recombination behavior of carriers in DSC with semiconductor interface as a carrier’s transport layer is explored theoreti-
cally in detail. Analytical results indicate that the recombination behavior of carriers could contribute to the NC of DSCs
under small signal perturbation. Using this recombination capacitance we propose a novel equivalent circuit to completely
explain the negative terminal capacitance. Further analysis based on the recombination complex impedance show that the
NC is inversely proportional to frequency. In addition, analytical recombination resistance is composed by the alternating
current (AC) recombination resistance (Ry,c) and the direct current (DC) recombination resistance (R,qc ), Which are caused
by small-signal perturbation and the DC bias voltage, respectively. Both of two parts will decrease with increasing bias

voltage.
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1. Introduction

Dye-sensitized solar cells (DSCs) based on nanostruc-
tures have attracted significant attention in the research for
an alternative and low-cost energy source, display items, and
many other fields. Therefore, their optical and electrical char-
acteristics have significant research value.!'-”) In the measure-
ments of their properties, the impedance spectroscopy (IS)
technique is one of the most effective methods and has been
successfully widely applied in all kinds of solar cells, such as
dye-sensitized solar cells (DSC), quantum dot-sensitized so-
lar cells, extremely thin absorber solar cells, and organic solar

cells.[134

] Among alternative-current (AC) experimental fea-
tures, an abnormally negative capacitance (NC) has been ob-
served in many DSCs, which caused researchers’ great interest
because of lack of a proper interpretation.[*! In addition, the
NC has also been observed in many kinds of organic and in-
organic electronic and optoelectronic devices, such as organic
and inorganic LEDs.*8-141 Tn these papers, NC was proved
as the internal behavior feature rather than being caused by
measurement instruments. Therefore, it will affect the correct
design of device’s model in the solar cells, as well as the accu-
rate analysis of the operation mechanism of the photovoltaic
devices.

Although the NC is in conflict with the well-known
Shockley’s theory and model, and it is very difficult to be ex-
plained quantitatively, NC could be often explained with the

aid of simulation tools based on complex device models in
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consideration of the particular system or structure of devices.
In the latest developments, nanostructured DSC devices, NC
still remains a major problem in device physics because the
physical mechanism of NC in different devices should be very
different.!’5-18] In a number of explanations, recombination
and the associated model may be the most convincing.!'8! In
these models, the recombination process of carriers is sep-
arately considered, and NC is obtained from the impedance
analysis of the equivalent circuit. However, the analytic expla-
nation of NC from the physical mechanism rather than from
the simple equivalent circuit could help us to understand the
operation mechanisms of DSCs in depth, which will pave the
way to design the reasonable equivalent circuit to further im-
prove the performance of DSCs.

In this work, we analyze the mechanism of the carriers’
recombination process from the most basic transport equa-
tion of DSCs. According to the analytic expression, we find
that the recombination capacitance caused by AC perturbation
shows negative value. Using this negative recombination ca-
pacitance we proposed a novel equivalent circuit to explain
perfectly the negative terminal capacitance. Furthermore, we
deduced the expression of the recombination resistances Ryac
and R.4., which are caused by AC small-signal and DC bias,
respectively. These two resistances will decline with increas-
ing bias voltage.!'®! However, the answer to the question of
which one will play a major role depends on the external con-
ditions, such as the frequency of the AC small-signal and the
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carriers’ lifetime.

2. Review of the experimental behavior of nega-
tive capacitance in solar cell

The negative capacitance (NC) in solar cell was first re-
ported in 2006, then there are several reports on NC in dif-

15-18] [ these measure-

ferent solar cells at high bias voltage. !
ments, the solar cell is set in the dark or at fixed illumination.
The characteristic behaviors of the terminal capacitance are
shown in Fig. 1. Due to the complexity of capacitance, the
focus of these papers is merely on the experimental results of
NC,[115-181 or using the simple circuit to model the NC.!'8! So
far, the mechanism of the NC is still unknown. Generally, the
terminal capacitance of solar cell is mainly contributed by the
chemical capacitance, which increases with the forward bias.
However, in figure 1 the terminal capacitance increases ex-
ponentially just at low voltages, then it becomes negative after
passing a maximum value. Therefore, aside from the chemical
capacitance, there must be another mechanism contributing to
the negative values of the terminal capacitance in DSCs.
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Fig. 1. (color online) Characteristic results of solar cells showing nega-
tive capacitance at forward bias:[!"!8! a polycrystalline CdTe solar cell,
an extremely thin absorber (ETA) cell based on rough TiO2, a dye-
sensitized solar cell (defective) with the solid OMeTAD hole conductor,
and a normal P3HT/PCBM bulk heterojunction organic solar cell.

3. Analytical analysis of recombination under
AC perturbation

Generally, in the semiconductor transport layer of DSCs,
the transport of injected free electron concentration, n, satis-
fies the well-known equation for diffusion, recombination, and

generation at steady state>!°]
°n
Dnﬁ_Un"‘G:Ov 9]

where D,, is the electron diffusion coefficient, U, is the re-
combination rate per unit volume and is often expressed as
U,= knP ,[18‘2” and G is the generation rate, which is so small
in electronic transport area and could be ignored in analysis.

Hence, under AC perturbation, equation (1) should be reex-
pressed as!?!

on_p P
ar " ox2

In order to avoid any complication of boundaries, we consider

U,. 2)

infinite space —oo < x < oo firstly and assume the injection of
carriers by a point source at x = 0.[??] Since equation (2) is
clearly symmetrical, we only need to consider the half space
0 < x < co. The boundary conditions are as follows. "]

(i) At x = 0, the concentration of injection carriers over
the background is determined by the incident photon flux Iy;
Jinj = qAly, where q is the electronic charge and A is the ratio
of absorbed photon flux to . [??!

(ii) At x = +oo, n = ny, is the equilibrium carrier concen-
tration with no bias voltage and in the dark. The schematic of
a dye-sensitized nano-crystalline solar cell is shown in Fig. 2.

Fig. 2. Schematic of a dye-sensitized nanocrystalline solar cell.

For a DSC, considering the well contact with the substrate
and high conductivity of the electrolyte, we can relate the free

injected electron density and the voltage Vi as!!3-24

n=ny quF/kBT, 3)

where kg is Boltzmann’s constant, T is the temperature, g is
the elementary charge, and Vr is the difference between the
electron quasi-Fermi level Ep, and the hole quasi-Fermi level
Fip, namely, Vg = (Ern — Erp) /¢, and n, is an equilibrium con-
centration. On the other hand, Vg = Vipp — IR, where Vi
is the applied bias voltage and R is the contact resistance of
electron or hole poles (see Fig. 3).["8 However, in order to
simplify the calculation we will ignore the voltage drop on the
contact resistance R because the increasing technology and
characterization methods could extract accurately it. There-
fore, the voltage drop on space 0 < x < o is approximately
equal to the difference of the quasi-Fermi level.
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Fig. 3. Equivalent circuit of a dye-sensitized nanocrystalline solar cell.
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Suppose that the DC bias voltage VFl dropping on the area
0 < x < oo is perturbed by a small signal V> e!®" (we could also
choose current as the perturbation, and the analytic method
and results are the same), then V> < VFI, where @ is the fre-
quency of the AC small-signal. The total voltage dropping on
the area is

V=V +AV =V} +Vel®. 4)

The injection carriers’ concentration equation (3) at any point
could be expressed as!>!

n(x,t) = ny (x) +ny(x)e'®, (5)

where n;(x) and ny(x) are caused by DC bias and AC per-
turbation, respectively. Substituting the carries’ concentration
equation (5) into the carriers’ transportation equation (2), and
assuming U, = knP and B = 1,1'820 we have

iony (x)e'® = —k(ny(x)+ny(x) e’ — nyp)
2 iot
o, e

Time-related and unrelated items can be separated, so equa-
tion (6) could be rewired as?!

az
Km () ) = D, T, )
. i 9%[na(x) ']
(la)+k)n2(x)e ot :DnT (8)
The solutions of Egs. (7) and (8) are
ny(x) —np =Aje N L Aye TN 9)
ny(x) = [Aze "IN+ AyeINY] el (10)
where
Ly = (k/Dy)'?, an
Ly = ((iw+k)/Dy)' 2, (12)

Ly reflects the relation between the carriers’ exponential decay
and their transmission distance, which shows that this param-
eter corresponds to the average value of the distance traveled
by the particles before they disappear by recombination.[20-281
The k is the carriers’ recombination rate and equals 1/7, where
7 is the carriers’ lifetime. Ly, characterizes the behavior of the
carriers caused by small signal perturbation; ') A;, A,, A3,
and A4 are constants and should be determined by the above
boundary conditions. Equations (9) and (10) must converge,
so items with positive indices x must be discarded, namely,
Ay = A4 = 0. Furthermore, from boundary condition (i) one
have Ay = n1(0) —ny = Jinj/(qv) = Aly/v, where v is the av-
erage drift velocity of electrons. On the other hand, carriers’

concentration should meet Eq. (3). Using Eq. (4) and series-
expansion method and ignoring the higher-order infinitesimal,

we obtain
n = nyedF/kT — p ea(Vi+Voe!®)/keT
E— {1 + k]:]TVQGiM:| . (13)

Comparing Eq. (13) with Eq. (5), we have
n1(0) = ny eV ko7

\%
n2(0) = ny Vi /kBT <ZB;> )

(14)

Hence, A; and A3 can be obtained and the total free electron
density is

n(x,t) = nb+nb[eqv};/kBT —1]e ¥/

+nb quFl/kBT ( qV;> e_x\/m/LNeiwt. (15)

kg

Using Eq. (15) we obtain the recombination current density as

J = /Om gk(n(x,t) —ny)dx

= qunb[eqvf*1 k8T _ 1)Ly + gkny, e /kaT

qV2 it Ln
X|—]e'™ —. 16
(kBT) VI+io/k (16)

We can define J4 = gkn Ly as the constant parameter, the dark
current density, or reverse saturation current density. Equation
(16) is abbreviated as

J; :Jd[quFl/kBT_ 1]+JdquFl/kBTq—V2ei‘°’. (17)

ksT+/1+i0/k

The first item on the right of Eq. (17) has no relation with al-
ternate current; we only consider the last item which can be
defined as the AC current density Jiyc

V- .
Joae = JdquFl/kBT qva elwt(l+(w/k)2)—l/4
kgT

6 .. 06
X (cos21sm2)7
cosO = 1/4/1+(w/k)?,
sinf = @/(ky/1+ (w/k)?). (18)

The small signal perturbation admittance caused by recombi-
nation is

_ S ke (4 2\—1/4
Yrac—m—lseqF B m (1+(0/k))

X <cos§—isinz>, (19)

where S is the cross-sectional area, Iy = J4S is the dark current
or reverse saturation current. From Eq. (17) one can obtain
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the recombination resistance R;,. and capacitance C,. caused
by small signal perturbation and the R;4. caused by DC bias

voltage
1
o1/ e ()
2174, 9
X (1+(w/k)") cos 3 (s (20)
erC — VFl/{IS(quFI/kBT_l)}) (21)
2Ly(1+(@/k)2) V4 s . 8
Crae = —Skan nl kéT(i)) ) quF/kBTsm§. (22)
In Eq. (22) the sign ‘-’ confirms that the recombination cur-

rent displays an inductance effect; that is, recombination con-
tributes the negative capacitance to DSCs, and its absolute
value has an e-exponential increase with voltage. Generally,
capacitance is defined as derivative of accumulated charge
with respect to applied voltage, i.e., C = dQ/dV;. When the
applied voltage reaches a certain value, the radioactive recom-
bination results in negative variation of total quantity of the
injected carriers in the active region, i.e., dQ becomes nega-
tive. Then capacitance becomes negative because dV; is posi-
tive. On the other hand, the chemical capacitance C,, for band

electrons per across-section is!'®!

2
Cp = LEN i fiaT (23)

ksT
Comparing Eq. (23) multiplied by S with Eq. (22), we found
that although G, is negative but C, is positive, and its abso-

lute value is greater than that of C,.. Therefore, in order to
gain the negative terminal capacitance, C;,. should series with
Cy.. Then the simple equivalent circuit shown in Fig. 2 should
be modified as that in Fig. 4. This novel circuit is similar but
can explain negative terminal capacitance of DSCs. In it the
recombination resistance R, we think, should in parallel with
recombination capacitance C;. However, after accurately an-
alyzing the experiments shown in Fig. 1, we found that the
capacitance is nearly a constant under reverse bias and small
voltage; with increasing voltage, it will pass a maximum value
before it becomes NC. Therefore, we believe that there must
be a small Helmholtz capacitance between the FTO and the
electrolyte of the photo-anode.

Rct

Fig. 4. Equivalent for small AC perturbation, which can explain the
NC. R. is the total series resistance generally caused by constant re-
sistance of the cell; R; is the recombination resistance including Ryac
and Ry, and C; is the recombination capacitance relate the electron
transport process in film; Cy, is the chemical capacitance that stands for
the change of electron density as a function of the Fermi level; R is
a charge-transfer resistance related to the traditional recombination of
free carriers at electrolyte interface.

Furthermore, from Egs. (17) and (18) we find that the re-
combination resistances Ry, and R4 both exponentially de-
crease with increasing voltage, as shown in Figs. 5(a) and 5(b).
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Fig. 5. Calculation results from model of Fig. 1. Behaviors of recombination resistances (a) Ryyc and (b) Rygc caused by AC small
signal perturbation and DC, respectively; dependences of (¢) Ry, and (d) Crac on frequencies at different values of k (namely 1/7).
‘We do not consider the product of other factor because these product only change the magnitude of Ry and Cr,e Without changing the

relationship between them and the frequency.
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The same relation between the recombination resistance
and DC bias voltage has been implied by Eq. (11) in Ref. [21].
Interestingly, Ryq. does not relate with frequency, but Ry, re-
lates; namely, at a fixed value of k, Ry, increases with the fre-
quency as shown in Fig. 5(c). This frequency characteristic of
R:ac should relate to the response time of AC signal and carrier
lifetime. In Eq. (19), the dependence of NC on voltage is very
obvious. Therefore, in Fig. 5(d) we only present the frequency
characteristics of NC. It can be seen that at a fixed voltage the
lower the frequency is, the more obvious the NC is. This re-
sult is fully consistent with the NC phenomenon observed in

different devices.[*8-14]

4. Summary

A detailed analysis on the recombination behavior of car-
riers from the carriers’ transport process in DSC confirms that
recombination behavior of carriers could contribute to nega-
tive capacitance (NC) which had been confirmed experimen-
tally under small-signal perturbation. These expressions also
imply that NC relates with frequency, and the lower the fre-
quency is the more obvious the NC is. Furthermore, the re-
combination resistance should include two parts: one is Ry,
caused by AC small-signal perturbation and the other is R;4c
caused by direct-current (DC) bias voltage, and both decrease
with the increasing bias voltage. Which one plays a major role
relates to the external conditions, such as the frequency of the
AC small-signal and the carriers’ lifetime.
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