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Recombination losses of a-Si:H based p-i-n solar cells in the annealed state are analyzed with

device computer modeling. Under AM1.5 illumination, the recombination rate in the intrinsic layer

is shown to be controlled by a combination of losses through defect and tail states. The influence of

the defect concentration on the characteristic parameters of a solar cell is analyzed. The impact on

the light current-voltage characteristic curve of adopting very low free carrier mobilities and a high

density of states at the band edge is explored under red and AM1.5 illumination. The distribution

of trapped charge, electric field, and recombination loses inside the intrinsic layer is examined, and

their influence on the solar cell performance is discussed. Solar cells with intrinsic layers deposited

with and without hydrogen dilution are examined. It is found that the photocurrent at �2 V is not

always a good approximation of the saturated reverse-bias photocurrent in a-Si:H p-i-n solar cells

at room temperature. The importance of using realistic electrical parameters in solar cell simula-

tions is emphasized. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983010]

I. INTRODUCTION

Amorphous silicon cell technology has considerably

evolved during the last few decades. Scientists worldwide

have developed high quality alloys based on hydrogenated

amorphous silicon and microcrystalline silicon. The techno-

logical potential of each form is remarkable as their electronic

properties can be preserved and tailored by incorporating

hydrogen into the network with an appropriate concentration

and bonding structure. Amorphous and microcrystalline sili-

con thin films are currently applied in solar cells and numer-

ous other electronic devices like transistors, optical detectors,

color sensors, and image and printing arrays, among others.

The simulation of the electrical and optical behavior of

semiconductor devices has been established as an essential

tool for the improvement of existing devices and the devel-

opment of new ones. Device modeling involves the numeri-

cal solution of differential equations that mathematically

describes the device operation. The input parameters are

obtained from material and device research. The accurate

calibration of these parameters, based on the comparison

between simulated and experimental device characteristic

curves, is an essential step in computer modeling. The cali-

brated code can be used as a predictive tool after reproducing

a broad range of experimental results. Solar cell structures

can be tested and optimized for their best performance.

When no agreement between simulated and measured data

can be reached, the modeling used to describe the material

properties and device transport needs to be refined. The mul-

tiple tasks associated with computer modeling contribute to

a better understanding of the optical and electrical transport

physics and allow checking the sensitivity of the device per-

formance to parameters that cannot be easily measured.

The traditional method followed in solar cell modeling is

a three step procedure. The initial step is to run simulations

with electrical and optical parameters measured with thin film

techniques like dark conductivity, photoconductivity, trans-

mittance and reflectance, Constant Photocurrent Method

(CPM), Space Charge Limited Current (SCLC), Electron Spin

Resonance, and/or taken from literature. Thin film experimen-

tal techniques provide the activation energy, optical band gap,

absorption coefficient, global defect density, and valence band

tail slope, in each device layer. The second step is the fitting

of Current-Voltage curves (J-V) and/or Spectral Responses

(SR) of well-behaved solar cells in order to calibrate parame-

ters that are more difficult to measure, like capture cross sec-

tions, effective density of states, conduction band tail slope,

and so on. The third step is to achieve fine calibration by

simultaneously matching experimental data of several solar

cell structures deposited under similar conditions but with dif-

ferent intrinsic layer thicknesses and/or measured at different

temperatures. The more curves are successfully fitted the

more reliable the input parameters become.

II. MOTIVATIONS

Some researchers have the erroneous idea that the high

number of input parameters used in solar cell computer

modeling allows for the fitting of any characteristic curve.

That is not the case, since several parameters are provided

by experiments and the rest can be varied only within a rea-

sonable range given by the literature. Analytical or approxi-

mated methods used by experimentalists usually rely on a

considerably lower number of parameters. However, the use

of a reduced number of parameters does not mean that the
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others do not exist; it means that arbitrary values are implic-

itly assigned to those parameters, assuming that hopefully

they will not impact the final results. In addition, the choice

of ignoring these parameters could hide valuable information

that could be used for the optimization of solar cell

structures.

The common practice is to employ the highest possible

number of measured parameters as inputs. However, some-

times parameters resolved with thin film measurement

techniques cannot be effectively incorporated into solar cell

modeling, because the fittings of experimental J-V or SR
curves cannot be achieved. This is an indirect proof that

even playing with the numerous input parameters used in

computer modeling it is not always possible to match the

solar cell characteristic curves. In these particular situations,

the assumptions made in the simplified models used by

experimentalists could be revised, and an interesting feed-

back between experiments and computer simulations could

take place. For instance, the mobility gap of 1.89–1.9 eV

reported in 1989 for intrinsic hydrogenated amorphous sili-

con (a-Si:H)1 made the reproduction of the Fill Factor (FF)

of p-SiC:H/buffer/i-a-Si:H/n-a-Si:H structures very difficult.

The open circuit voltage (VOC) and short circuit current (JSC)

could be matched, but the predicted FF was always lower

than the FF experimentally reported.2 Several scenarios

were explored, like low electron front contact barriers, dif-

ferent gaps and low doping concentrations in the (p)a-SiC:H

layer, higher defect state densities in the (i)a-Si:H layer,

different p/i and i/n interface layers, etc., in order to decrease

VOC when the mobility gap was increased from 1.72 to

1.9 eV. These ideas led to the reproduction of VOC at the

expense of severe losses in the FF. The matching of the

experimental VOC and FF could only be achieved by assum-

ing the presence of a highly defective thin layer at the p/i
interface with a mobility gap of 1.72 eV, so that VOC and FF
became controlled by recombination losses taking place at

this defective layer rather than at the intrinsic bulk layer.2

Nevertheless, the presence of such a defective layer at the p/i
interface could not be justified by physical grounds. The

experimental mobility gap EG was determined using internal

photoemission at metal/(i)-a-Si:H Schottky barriers.1 More

recently, Kind et al.,3 by studying the thermal ideality factor

of dark J-V characteristics of a-Si:H p-i-n structures with dif-

ferent intrinsic layer thicknesses obtained a lower mobility

gap of 1.69 eV, being 1.72 eV the most accepted value in

the literature that allows for a natural matching of the a-Si:H

solar cell light J-V curves. Other examples of curious experi-

mental electrical parameters can be found in the contribution

of Liang et al.,4 where temperature-dependent measurements

combined with computer modeling of a thickness series of

hydrogenated a-Si:H n-i-p solar cells in the annealed and

light soaked states were presented.4 Assuming unusually

high values for the density of states at band edges, and very

low free carrier mobilities – extracted from drift mobilities

obtained with the Time of Flight (TOF) technique, they con-

cluded that the density of defect states in the intrinsic layer is

sufficiently low in annealed solar cells to neglect its effect

on the solar cell efficiency, g.4 The strong temperature

dependence of the hole drift mobility in a-Si:H provides,

according to the authors, the needed evidence to explain the

cell efficiency as a function of temperature and establish that

hole drift mobilities determine the largest values of the maxi-

mum power that can be obtained from a-Si:H based solar

cells.5 Their work captured our attention for several reasons:

(a) their simulations were performed with the computer code

AMPS-1D of Pennsylvania State University.6,7 Our software

D-AMPS-1D (Refs. 8–12) is based on the AMPS-1D source

code, (b) some of their electrical parameters are unusual, (c)

fittings of experimental J-V curves under illuminated condi-

tions are not fully shown: only VOC and the ratio between the

maximum power density PMAX and the photocurrent JP mea-

sured at a reverse voltage of �2 V were really matched, (d)

no fittings of dark J-V curves were included, (e) red laser

instead of the AM1.5 light source was used, and (f) the maxi-

mum power density of the as-deposited a-Si:H cells is

believed to have achieved the hole-mobility limit established

by valence band-tail trapping; i.e., defect states did not limit

their efficiency.

In this contribution, the results obtained by Liang et al.4

for a-Si:H solar cells in the annealed state are discussed.

This paper is organized as follows: in Sec. III the solar cell

structures, electrical parameters, and computer codes used

by both groups are compared. In Secs. IV–VI, the contribu-

tion of tail and defect states to the total recombination rate

and to the shape of the J-V curve under red and AM1.5 illu-

mination is explored in a-Si:H p-i-n structures. Dark J-V
curves are also analyzed. Our conclusions indicate that

defect states do have a significant impact on the FF and VOC

of the as-deposited a-Si:H based solar cells, in disagreement

with Liang et al.’s findings.

III. COMPARISON OF ELECTRICAL PARAMETERS
AND SOLAR CELL DEVICES

Our simulations were performed with the computer code

D-AMPS (Analysis of Microelectronic and Photonic Devices

þNew Developments) that solves the system of three non-

linear equations (Poisson’s equation and continuity equations

for free electrons and holes) with the finite difference method

and the Newton-Raphson technique.6,7 The independent varia-

bles are the electron potential and the quasi-Fermi levels.

D-AMPS is an updated version of the well-known software

AMPS that includes extra features like amphoteric states,

Defect Pool-model (DPM), and Pool-Frenkel effect, a simpli-

fied treatment of light scattering, among others.8–12

A. Solar cell devices: Experimental and simulated
performances

In previous contributions,13,14 the J-V curves of a-Si:H

based devices were analyzed with D-AMPS under dark and

illuminated conditions. Our parameters were calibrated by

fitting experimental J-V characteristic curves of p-i-n junc-

tions with intrinsic layer thicknesses of 200, 400, and

600 nm. Samples were deposited in a multi-chamber RF-

PECVD facility from MV Systems at Delft University that

contains four processing chambers and a load lock to avoid

contamination at interfaces. The full device structure is:

(80 nm)TCO/(10 nm)p-a-SiC:H/(200-400-600 nm)i-a-Si:H/

184502-2 Rubinelli et al. J. Appl. Phys. 121, 184502 (2017)



(20 nm)n-a-Si:H/(300 nm)Al, where TCO stands for

Transparent Conductive Oxide. Films were deposited at a

substrate temperature of 180 �C, a pressure of 0.6 mbar

(n-layer) or 0.7 mbar (p-, i-layer), and a RF power of

25 mW/cm2 on a textured Asahi U-type substrate and front

contact.3 The deposition rates were 0.2 nm/s for the p- and

i-layers, and 0.1 nm/s for the n-layer. The Al back contact

was deposited by evaporation in a PROVAC single cham-

ber system. Samples were finally annealed for 30 min at

130 �C. Devices with an extra 5-nm-thick silicon carbide

buffer layer at the p/i interface were also analyzed with a

similar methodology,14 but in this contribution solar cells

with no buffer layer will be discussed as in Liang et al.’s
paper.4 Experimental dark and light J-V curves of the

a-Si:H p-i-n devices and their corresponding fittings can be

found elsewhere.13 The electrical parameters obtained

from our fittings are listed in the second column of Table I.

In our simulations, doping densities and Gaussian peak

positions were adjusted to reproduce the experimental acti-

vation energies of each device layer. Optical parameters

were obtained from measured reflection and transmission

spectra of a-Si:H films. The global density of states and the

Urbach valence band tail slope were extracted with the

technique of Dual Beam Photoconductivity (DBP). The

optical modeling of D-AMPS takes into account scattering

at rough surfaces and the absorption of light at external

contacts; multiple reflections at interfaces are evaluated

with the Fresnel’s equations; refractive indexes change

with wavelength; all aspects that were not included in the

original version of AMPS-1D used by Liang et al.4

Figure 1 shows the experimental (solid symbols) and

simulated (open symbols) performances of p-i-n solar cells

fabricated at Delft University for 200, 400, and 600 nm thick

intrinsic layers. The thickest sample corresponds to the per-

formance predicted by D-AMPS for a hypothetical sample

with the 893-nm-thick intrinsic layer, using the electrical

parameters obtained for the sample with the 600-nm-thick

intrinsic layer. It can be seen that JSC increases steadily, while

VOC remains essentially constant as the thickness increases in

this range. On the other hand, FF decreases monotonically and

the efficiency reaches a maximum value for an i-layer thick-

ness around 600 nm. The experimental trends are very well

reproduced by the simulations, being the simulated points

always within the error bars of the experimental points. This

agreement, in addition to the accurate description of the dark

J-V characteristic curves, is an indication that the parameters

describing the solar cell behavior are well calibrated.

Liang et al.’s a-Si:H n-i-p solar cells were also grown

with the RF glow discharge technique but on stainless steel

substrates. Their n and p layers were the same in all of depo-

sitions; the deposition time for the intrinsic layer was chosen

to give intrinsic layer thicknesses of 183, 377, 574, and

TABLE I. The meaning of the symbols of the first column is as follows: W intrinsic layer thickness, EG mobility gap, Nc and Nv effective density of states at

the conduction and valence band, GAO and GDO density of states at the conduction and valence band edges, lN and lP electron and hole mobilities, ED and EA

valence and conduction band-tail slopes, rNA-T, rPA-T, and rND-T, rPD-T capture cross sections at acceptor-like (A) and donor like (D) tail states for electrons

(N) and holes (P), D�, D0, and Dþ densities of states enclosed in the three Gaussians (UDM), E�, E0, and Eþ Gaussian peak positions associated with the (þ/

0) transitions, sD standard deviations, rNA-G, rPA-G and rND-G, rPD-G capture cross sections at acceptor-like (A) and donor like (D) defect states for electrons

(N) and holes (P). Second column: electrical parameters obtained by fitting dark and light J-V curves of undiluted a-Si:H p-i-n solar cells grown at Delft

University. Third column: electrical parameters proposed by Liang et al.4 Fourth column: parameters obtained by matching the light J-V reported by Liang

et al. for the diluted a-Si:H n-i-p sample with an 893 nm thick intrinsic layer.

Intrinsic layer parameters Undiluted a-Si:H delft values Diluted a-Si:H Liang et al. Diluted a-Si:H our values

W (nm) 200–400–600 893 and others 893

EG (eV) 1.72 1.74 1.88

NC, NV (cm�3) 3� 1020 4� 1020 4� 1019

GAO (cm�3 eV�1) 1� 1021 1.6� 1022 7� 1020

GDO (cm�3 eV�1) 1� 1021 6� 1021 7� 1020

lN (cm2 V�1 s�1) 20 2 10

lP (cm2 V�1 s�1) 3.5 0.2–0.3 1

ED (meV) 48 40 45

EA (meV) 30 20 25

rND-T (cm2) 2� 10�15 1� 10�16 2� 10�15

rPD-T (cm2) 1� 10�16 1.3� 10�16 2� 10�17

rNA-T (cm2) 1� 10�16 1.3� 10�16 2� 10�17

rPA-T (cm2) 2� 10�15 Not specified 2� 10�15

D� (cm�3) (þ/0 and 0/�) 4.8–4.4–3.6� 1015 Not specified 8.8� 1014

D0 (cm�3) (þ/0 and 0/�) 2.4–2.2–1.8� 1015 Not specified 4.4� 1014

Dþ (cm�3) (þ/0 and 0/�) 4.8–4.4–3.6� 1015 Not specified 8.8� 1014

ED
� (eV) (þ/0, U¼ 0.2 eV) 0.55 Not specified 0.62

ED
0 (eV) (þ/0, U¼ 0.2 eV) 0.85 Not specified 0.92

ED
þ (eV) (þ/0, U¼ 0.2 eV) 1.15 Not specified 1.22

sD (eV) 0.13 Not specified 0.13

rND-G (cm2) 9� 10�15 4� 10�15 9� 10�15

rPD-G (cm2) 8–7.3–3.5� 10�16 7.5� 10�16 9� 10�16

rNA-G (cm2) 8–7.3–3.5� 10�16 Not specified 9� 10�16

rPA-G (cm2) 9� 10�15 Not specified 9� 10�15
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893 nm. Liang et al.4 only reported the experimental perfor-

mance of the solar cell with the 893-nm-thick intrinsic layer.

Both our samples and the solar cells deposited by Liang

et al. were not optimized to achieve the best efficiency; i.e.,

they do not have a highly reflecting back contact; but interfa-

ces, contacts, and doped layers do no limit the device perfor-

mance. In Table II, the performance of the 893-nm-thick

solar cell studied by Liang et al.4 is presented, together with

the results of some simulations performed with different sets

of parameters.

The lower JSC of Liang et al.’s 893-nm-thick sample

(14.40 mA/cm2, compared to 15.59 mA/cm2 of the last line of

Table II) could be probably due to the use of ITO at the front

contact, instead of Asahi U-type (SnO2:F) TCO as in the sam-

ples of Delft University. Higher recombination losses taking

place at the intrinsic layer could also contribute to a lower

JSC, what would also explain their lower FF (0.559 compared

to 0.610). The higher experimental VOC of Liang et al.’s sam-

ple (0.982 V compared to 0.816 V) is expected due to the high

hydrogen dilution used in the preparation of the (i)-a-Si:H

layer.4 Details of the deposition procedures were given in a

previous publication where a triple-junction silicon alloy cell

with 14.6% initial and 13% stabilized efficiency was

reported.15 Curiously, in their Table I of Ref. 4 the a-Si:H

mobility gap of the intrinsic layer was assumed 1.74 eV,

which is only 0.02 eV higher than 1.72 eV, the gap regularly

assumed for intrinsic a-Si:H deposited without hydrogen dilu-

tion. The full list of parameters used by Liang et al. can be

found in the third column of Table I.4,5,16 In order to reach a

VOC of 0.982 V with a mobility gap of EG¼ 1.74 eV (VOC

� 0.816 V with EG¼ 1.72 eV, see the last line of Table II)

with Liang et al.’s parameters, doped layers have to be

assumed of extremely good-quality. In this way, the electric

field in the intrinsic a-Si:H layer could be strong enough to

significantly reduce the recombination losses. By adopting

extremely optimistic values of 0.3 and 0.2 eV for the activa-

tion energies of the p-a-SiC:H and n-a-Si:H layers, respec-

tively, assuming neutral boundary conditions, a temperature

of only 293 K (20 �C) in order to further increase VOC, and

optimizing the optical parameters at rough interfaces, our best

result was VOC� 0.953 V (second line of Table II). The hole

mobility was adopted to be 0.25 cm2 V�1 s�1, the average

value between the mobilities used by Liang et al. in Refs. 4

and 5. The density of dangling bonds (not reported by Liang

et al. in their simulations4) that makes the best compromise

between JSC, VOC, and FF was �5� 1015 cm�3. When higher

densities of dangling bonds (DBs) are assumed, the FF can be

better matched but JSC drops significantly. The opposite trend

is obtained when lower densities of DBs are assumed. The

very low hole mobility adopted by Liang et al. makes FF and

JSC quite sensitive to the density of DBs, in contradiction with

their statement that the density of defect levels present in the

as-deposited or annealed samples is sufficiently low to have a

minor effect on the solar cell efficiency of a-Si:H solar cells.

The third line of Table II corresponds to the simulation of the

light J-V curve of the 893-nm-thick device of Liang et al.4

with different parameters, where the increase of the mobility

gap of a-Si:H with hydrogen dilution is taken into account.

The list of parameters used to match the experimental light J-
V curve can be found in the last column of Table I. The

parameters of doped layers were assumed identical to the

ones used in samples of Delft University. Main differences

between our and Liang et al.’s parameters are the higher

intrinsic a-Si:H mobility gap of 1.88 eV, the Urbach tail slope

of 45 meV, the free carrier mobilities of 10 and 1 cm2 V�1 s�1

for electrons and holes, and the lower density of states of

7� 1020 cm�3 eV�1 at the mobility edges. These simulations

will be discussed in detail in Section IV.

In D-AMPS, the density of defects can be modeled with

either the Uniform Density Model (UDM), which assumes a

constant density of defects inside each device layer,8 or with

the Defect Pool Model (DPM).9 Defect states can be

assumed amphoteric or approximated by pairs of decoupled

donor-like and acceptor-like states.8 In order to facilitate the

comparison of the J-V curves predicted with our or Liang

et al.’s parameters, the density of defects was modeled with

the UDM and with the decoupled approximation.8 The UDM

is regularly implemented in a-Si:H by means of three pairs

of Gaussians, recognized as D�, D0, and Dþ: three

Gaussians with donor-like and three with acceptor-like

states, separated in energy by the correlation energy U that

FIG. 1. Comparison of experimental (solid symbols) and simulated (open

symbols) solar cells performances of a-Si:H p-i-n samples deposited at Delft

University, characterized by JSC (squares, left scale), VOC (triangles, right

scale), FF (diamonds, right scale), and efficiency (circles, left scale). The

rightmost points correspond to the performance obtained for a p-i-n solar

cell with an 893-nm-thick intrinsic layer using the electrical parameters

obtained for the 600-nm-thick intrinsic layer (second column of Table I).

TABLE II. Experimental performance of Liang et al.’s n-i-p solar cell with

an 893 nm thick intrinsic layer (first line), and simulations obtained with

Liang et al. parameters and optimistic activation energies in doped layers

(third column of Table I); with our parameters for hydrogen-diluted (i)-a-

Si:H and realistic doped layer activation energies (fourth column of Table

I); and with the parameters that simulate the solar cells deposited at Delft

University (second column of Table I).

JSC (mA/cm2) VOC (V) FF g (%)

Experimental values 14.40 0.982 0.559 7.90

Diluted a-Si:H—Liang et al. 14.15 0.953 0.567 7.64

Diluted a-Si:H—our values 14.42 0.982 0.559 7.92

Undiluted a-Si:H—delft values 15.59 0.816 0.610 7.76

184502-4 Rubinelli et al. J. Appl. Phys. 121, 184502 (2017)



was assumed equal to 0.2 eV (Ref. 17) (see the first column

of Table I). Liang et al. do not give details of the distribution

of defects used in their simulations. AMPS-1D allows for a

maximum of two pairs of Gaussian distribution of defect

states: two with donor-like and two with acceptor-like states.

The simplest representation, extensively used more than one

decade ago, included one Gaussian distribution with donor-

like and another with acceptor-like states that here will be

recognized as GD and GA.17 The light J-V curves obtained

with D-AMPS with one pair of Gaussians are shown in

Table III. The density of states inside each Gaussian distribu-

tion GD and GA was adopted equal to the sum of the densities

of states enclosed by the three Gaussian distributions D�,

D0, and Dþ (spaced 0.3 eV) and the correlation energy was

increased from 0.2 to 0.4 eV. The standard deviations of GD

and GA were assumed twice as big as the ones of D�, D0,

and Dþ, and capture cross sections were assumed identical.

The first line of Table III should be compared with the last

line of Table II, and the last two lines of Table III with the

second and third lines of Table II. As can be seen, the pre-

dicted light J-V curves did not show much discrepancies

when the density of defect states was modeled with either

three pairs or with only one pair of Gaussian distributions.

Deviations obtained in the simulated dark J-V curves were

not significant either. Having shown this, for solar cells in

the initial state, the more accepted formalism with three-

Gausians D�, D0, and Dþ will be used in the rest of this

work.

Figure 2 shows the solar cell performance as a function

of the density of defects for the three sets of parameters

listed in Table I. As can be seen, JSC, VOC, FF, and g decline

more markedly with the defect density when the parameters

of Liang et al. are used. Figure 2(d) shows that the efficiency

can be assumed independent of the defect density when this

parameter is approximately lower than 1–5� 1014 cm�3 for

TABLE III. Performances obtained by approximating the three pairs of

Gaussian distributions Dþ, D0, and D� in the intrinsic layer by one pair of

Gaussians D, for three different sets of parameters.

JSC (mA/cm2) VOC (V) FF g (%)

Undiluted a-Si:H—Delft values 15.72 0.814 0.609 7.79

Diluted a-Si:H—Liang et al. 14.18 0.953 0.566 7.64

Diluted a-Si:H—our values 14.41 0.982 0.560 7.92

FIG. 2. Solar cell performance, characterized by (a) short circuit current density, JSC, (b) open circuit voltage, VOC, (c) fill factor, FF, and (d) efficiency, g, as a

function of the density of defects in the intrinsic layer of an a-Si:H p-i-n solar cell obtained with: our parameters for undiluted (i)-a-Si:H (black circles, see the

second column of Table I); Liang et al.’s parameters (red squares, see the third column of Table I); and our parameters for diluted (i)-a-Si:H (blue triangles,

see the fourth column Table I). The intrinsic layer is 893 nm thick.
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the three sets of parameters. The predicted dependences

obtained with our parameters are similar for either undiluted

or diluted a-Si:H samples. On the other hand, the decline of

the solar cell efficiency with the defect density is more pro-

nounced when Liang et al.’s parameters are used (Fig. 2(d)).

B. Impact of Liang et al. parameters on light J-V
curves

Naturally, electrical parameters used by different groups

working on a-Si:H solar cell modeling show some

spread.11–14,16–22 However, the electrical parameters of

Liang and Schiff4,15,23 have two unusual features: a consider-

ably higher density of states at mobility edges (GAO¼ 1.6

� 1022 cm�3 and GDO¼ 6� 1021 cm�3) with narrower tails

(EA¼ 20 meV and ED¼ 40 meV) and poor free carrier mobi-

lities (lN¼ 2 cm2 V�1 s�1 and lP¼ 0.3 cm2 V�1 s�1). These

unusual parameters have a significant impact on the pre-

dicted J-V characteristics. The slope of the valence band tail

ED was assumed of only 40 meV by Liang and Schiff in

some of their contributions,4,5 but the value ED¼ 48 meV

was used in other papers.23 The low slope of 40 meV was

justified by limitations in the available version of AMPS-1D

that allowed for changes of ED in steps of 10 meV. The

lowering of ED from 48 meV to 40 meV significantly impacts

the predicted solar cell performance, being ED usually

assumed between 44 and 50 meV in the literature.13,14,18,19,23

Table IV shows the solar cell performances predicted with

D-AMPS when our electrical parameters, obtained from fit-

tings of J-V curves of a-Si:H p-i-n devices grown at Delft

University, were replaced one at a time by the values

proposed by Liang et al.4 Although we performed simula-

tions for solar cells with different thicknesses of the intrinsic

layer, only results for the 893-nm-thick layer are presented

in Table IV, as in Ref. 4.

The list of Liang et al.4 was completed by assuming cap-

ture cross sections at tail and defect states similar to their

counterparts because some values were missing. Table IV

indicates that for the solar cells deposited at Delft University

the most dramatic departure from our fittings is taking

place when the low free carrier mobilities proposed by Liang

et al. are assumed. The predicted FF becomes very poor,

especially when the free electron and hole mobility are simul-

taneously lowered to 2 cm2 V�1 s�1 and 0.3 cm2 V�1 s�1,

respectively. It is interesting to see that when the density of

states at band edges is increased, only the valence band edge

state density has a significant impact on the solar cell perfor-

mance. Schiff23 has even proposed higher values for the

density of states at the valence band edge, of 1022 and

2� 1022 cm�3 eV�1, that would lead to an unacceptable very

low FF, especially when the density of defects is evaluated

with the Defect Pool model.17 On the other hand, the conduc-

tion band edge state density can be increased one order of

magnitude without significantly changing the predicted

device characteristics. Changes in the light J-V due to modifi-

cations in the effective density of states and mobility gap are

minor. Lower tail slopes and capture cross sections are bring-

ing the expected improvement in the predicted solar cell per-

formance. Table IV also includes the obtained solar cell

performances when the density of defects is lowered in suc-

cessive steps. Table IV shows that adopting the 1% criteria of

tolerating a maximum of 1% in the deterioration of the solar

cell efficiency with the increase of the density of defect states,

the DB density should not be higher than �1� 1014 cm�3 in

order to have solar cell performances controlled by tail states.

Figure 2 also indicates that the solar cell efficiency approxi-

mately saturates at a density of defects of �1014 cm�3.

Next, the impact on the predicted J-V characteristics

when our electrical parameters are replaced by those pro-

posed by Liang et al.4 is discussed in detail. In Fig. 3, we

present calculations performed with D-AMPS for a p-i-n
solar cell with the 893-nm-thick intrinsic layer for the maxi-

mum power point condition. Figure 3(a) shows the band dia-

gram, Fig. 3(b) the positive and negative trapped charge,

Fig. 3(c) the electric field distribution, and Fig. 3(d) the

recombination rate. In all cases, solid lines present the situa-

tion when our parameters (second column of Table I) are

used. The total density of acceptor- and donor-like tail states

is given by the product GA0EA and GD0ED, respectively.

However, higher DOSs at the mobility edge combined with

lower band tail slopes do not lead to equivalent results.

Effective recombination centers are located between the

demarcation energies defined by Rose24 (located close to the

quasi-Fermi levels, see Fig. 3(a)). The most significant

contributions to recombination losses at the intrinsic layer,

that determine to a great extend VOC, take place at donor-like

tail and defect states.13 The contribution of acceptor-like tail

states is not significant due to the steeper conduction tail

slope.13 Using the 1% criterion for the solar cell efficiency

and assuming EA¼ 30 meV (second column of Table I),

TABLE IV. Changes obtained in the predicted solar cell performance of a-

Si:H p-i-n solar cells with the 893-nm-thick intrinsic layer when our electri-

cal parameters (second column of Table I) are replaced by the ones proposed

by Liang et al.4 One parameter is changed at a time. Cumulative effects are

shown at the last line. Optical parameters were assumed identical in all

cases.

Parameters JSC (mA/cm2) VOC (V) FF g (%)

As in second column of Table I 15.59 0.8159 0.6102 7.762

GAO¼ 1.6� 1022 cm�3 15.62 0.8113 0.6072 7.694

EA¼ 20 meV 15.59 0.8163 0.6107 7.770

GDO¼ 6� 1021 cm�3 14.53 0.7992 0.5608 6.511

ED¼ 40 meV 15.73 0.8221 0.6348 8.207

rND-T¼rPA-T¼ 10�16 cm2 15.46 0.8240 0.6112 7.787

rNA-T¼rPD-T¼ 1.3� 10�16 cm2 15.57 0.8152 0.6077 7.712

rND-G¼rPA-G¼ 4� 10�15 cm2 15.71 0.8168 0.6193 7.948

rNA-G¼rPD-G¼ 7.5� 10�16 cm2 15.29 0.8064 0.5833 7.194

DB¼ 5� 1015 cm�3 15.85 0.8213 0.6330 8.240

DB¼ 1015 cm�3 16.05 0.8298 0.6745 8.984

DB¼ 5� 1014 cm�3 16.07 0.8312 0.6811 9.097

DB¼ 1014 cm�3 16.09 0.8323 0.6865 9.192

DB¼ 5� 1013 cm�3 16.09 0.8325 0.6872 9.204

NC¼NV¼ 4� 1020 cm�3 15.61 0.8091 0.6085 7.684

EG¼ 1.74 eV 15.63 0.8252 0.6171 7.959

lN¼ 2 cm2 V�1 s�1 14.31 0.8115 0.5005 5.811

lP¼ 0.3 cm2 V�1 s�1 12.91 0.8211 0.5671 6.013

lP¼ 0.2 cm2 V�1 s�1 12.48 0.8211 0.5605 5.743

All changes together 11.92 0.8270 0.4796 4.728
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the solar cell performance becomes sensitive to acceptor

tail-states when the DOS at the conduction band edge is

2� 1022 cm�3 eV�1 or higher. Hence, this particular choice

of Liang et al.4 does not have a significant impact in our sim-

ulations. Something similar can be said about lowering the

conduction band tail slope to EA¼ 20 meV. On the other

hand, the increase of GD0 to 6� 1021 cm�3 eV�1 gives rise to

a significant enhancement of the recombination rate and

trapped hole concentration, especially under AM1.5 illumi-

nation, due to the wider slope of the valence band tail and

the lower mobility of holes. Recombination through donor-

like tail states dominates the total recombination rate, but the

contribution of defect states remains non negligible even for

GD0¼ 6� 1021 cm�3 eV�1. The additional positive charge

hosted at a higher number of donor-like tail states is more

significant in the front region of the intrinsic layer and gives

rise to a redistribution of the electric field that becomes

stronger near the p/i interface and weaker at the bulk intrin-

sic layer due to partial electrical shielding. The higher

recombination rate, combined with a weaker electric field,

gives rise to p-i-n a-Si:H solar cells with lower FF and JSC,

and to a lesser extent to lower VOC, and poorer conversion

efficiencies (see Table IV). The opposite trend is obtained

when the slope of the valence band tail is reduced to ED

¼ 40 meV. In this case, the recombination in the intrinsic

layer becomes controlled by defect states for GD0

¼ 1021 cm�3 (see Table IV).

The low free carrier mobilities assumed by Liang et al.4

also have important consequences on the predicted solar

cell performances. When the electron mobility is lowered,

the concentration of free electrons increases, favoring elec-

tron trapping and recombination. The concentration of

trapped negative charge is significantly increased in the front

region of the device (Fig. 3(b), dotted line), causing an

important redistribution of the electric field that becomes

weaker (stronger) in the front (back) region of the intrinsic

layer (Fig. 3(c), dotted line). The higher concentration of

free electrons and the electric field redistribution consider-

ably enhance the recombination rate in the front region of

the intrinsic layer, where electrons are minority carriers

(Fig. 3(d), dotted line). The final result is a considerable

deterioration of JSC, FF, and g, while VOC remains compara-

ble (see Table IV). When the hole mobility is lowered, the

concentration of free holes is increased, favoring hole trap-

ping and recombination. The concentration of trapped posi-

tive charge is significantly increased in the front region of

the device (Fig. 3(b), dashed line), and the opposite redistri-

bution of the electric field takes place, becoming weaker

(stronger) in the bulk (front) region of the intrinsic layer

(Fig. 3(c), dashed line). The higher concentration of free

FIG. 3. Position dependence of (a) band edges and quasi-Fermi levels, (b) trapped positive (ptrap) and negative (ntrap) charge, (c) electric field, and (d) recombi-

nation rate; calculated with D-AMPS for a p-i-n solar cell under AM1.5 illumination and maximum power point condition. In (b)–(d), solid lines correspond to

the situation when our parameters (second column of Table I) are used, dotted lines when lN is lowered to 2 cm2V�1s�1, and dashed lines when lP is lowered

to 0.3 cm2 V�1 s�1, as suggested by Liang et al.4 One parameter is changed at a time.
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holes and the electric field redistribution considerably mag-

nify the recombination rate in the bulk of the intrinsic layer,

where holes are minority carriers (Fig. 3(d), dashed line).

The final result is also an important deterioration of JSC, FF,

and g, while VOC is only slightly modified (see Table IV).

Changes in the predicted performances are obtained

when capture cross sections at donor tail-states are modified.

The contribution of acceptor tail-states is quite minor. The

reduction of rND-T allows for more positive charge trapped at

donor-like tail states, giving rise also to a redistribution of

the electric filed that becomes stronger near the p/i interface.

The reduction of rND-T makes the total recombination rate

in the intrinsic layer to become controlled by defect states,

and dominated by donor (acceptor) defect states in the front

(back) region of the intrinsic layer.13 The magnification

(deterioration) of the electric field in the front (back) region

of the intrinsic layer decreases (increases) the recombination

through donor (acceptor) defect states. The final results are

slight changes in VOC, FF, and JSC. The increase of rPD-T

proposed by Liang et al.4 is minor and no discussion is

needed. When capture cross sections at either charged donor

or acceptor defect sates are decreased (see Table IV), the

predicted solar cell performance is affected. The reduction

of rND-G and rPA-G diminishes the recombination losses at

defect states and gives rise to a minor redistribution of the

electric field. The final result is a minor improvement of JSC,

VOC and FF. On the other hand, when capture cross sections

at neutral defect sates are increased both the recombination

rate and charge trapping are favored. Lower JSC, VOC, and

FF are obtained and changes are a bit more significant.

When the effective density of states NC and NV is

increased, more extended states are available to host the

free carriers, favoring higher concentrations of free holes

and electrons, especially near the exit contacts. In the bulk,

quasi-Fermi levels are further apart from band edges, giving

rise to lower concentrations of trapped carriers at band tails

and higher concentrations at defect states. This charge redis-

tribution gives rise to higher electric fields near the interfaces

and lower electric fields in the bulk. Interestingly, the recom-

bination rate increases near the interfaces and decreases in

the bulk. When the mobility gap is increased, the effect is

practically the opposite, because the free carrier concentra-

tions become lower. Emission coefficients are reduced by

the wider energy separation between defect states and band

edges. Trapped carrier concentrations at defect states are

also lowered because quasi-Fermi levels depart more from

the mid-gap. Hence, the electric field is weakened (strength-

ened) in the front (back) region of the intrinsic layer. The

overall recombination is lowered, and higher VOC is obtained

because a higher injection of free carriers will be needed to

counteract the optical generation rate. In any case, for these

parameters the differences between ours and Liang et al.4

values are quite low.

When our parameters are replaced by the ones of Liang

et al.,4 similar trends are obtained in the performances of

a-Si:H p-i-n devices with different thicknesses of the intrin-

sic layer, with few exceptions. Let’s note for instance that,

when the electron mobility is reduced, there is a more signifi-

cant deterioration of the FF in the cell with the 893 nm thick

intrinsic layer than in thinner cells. The performance of

thicker solar cells is more sensitive to modifications in the

electrical parameters.

C. Transport mechanism shaping the J-V curves

The dark current of a-Si:H based p-i-n devices at low-

forward voltages is limited by recombination through defect

states,25 while at intermediate forward voltages (inside the

exponential region of the J-V curve) is limited by a combina-

tion of recombination through defect and tail states and

free carrier diffusion. At high forward voltages, over the

knee of the exponential region of the J-V curve, the device

enters into the Space Charge Limited Current (SCLC)

regime where the virtual cathode limits the injection of elec-

trons into the intrinsic layer.26 The contribution of tail states

to recombination and trapping becomes significant at for-

ward voltages over 0.7–0.8 V, where quasi-Fermi levels are

separated enough to enter into the tails. In the SCLC regime,

both tail and defect states impact the final trapped carrier

concentrations and the recombination rate.

Under illumination and below VOC, the current is given

by the difference between the photo-current and the recombi-

nation losses taking place in the intrinsic and doped layers.

The electron back diffusion loss at the front contact is com-

paratively low due to the presence of the wide-gap p-layer.

Hole back diffusion at the back contact is always negligible.

Under illumination but above VOC, the device also enters

into the SCLC regime, but the virtual cathode and anode are

now tailored not only by injected carriers through contacts

but also by photo-generated carriers trapped along the whole

device. Hence, trapping and recombination taking place at

defect and tail states impact the final shape of light J-V char-

acteristic curves.26

IV. RECOMBINATION LOSSES AT TAIL AND DEFECT
STATES

Liang et al.4 concluded that PMAX and VOC of their as-

deposited cells were not influenced by the presence of defect

states, because otherwise the obtained PMAX and VOC would

be noticeably below their calculated values, and the calcu-

lated PMAX/JP(�2 V) obtained with a density of states where

only defect states are taken into account would decrease

as the temperature increases, while the measured and the

calculated PMAX/JP(�2 V) increase with temperature. They

adopted a very unusual distribution of defect states: a donor-

type 0/þ deep level without specifying its energy. The pres-

ence of acceptor-like defect states was not acknowledged.4

However, defects in a-Si:H show a continuous (not discrete)

distribution of states inside the mobility gap.17

Using the continuity equation, the current density J can

be expressed as27

J ¼ JN0 þ JPL þ q

ðL

0

RðxÞ dx� q

ðL

0

GðxÞ dx; (1)

where JN0 is the electron back diffusion current at the front

contact (x¼ 0), JPL is the hole back diffusion current at the

back contact (x¼ L), R(x) and G(x) are the recombination
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and optical generation rates, respectively, at the position

“x” integrated along the device thickness L, and q is the elec-

tron charge. The integrals can be expressed as sum of the

contributions originated in each device layer (p-, i-, and n-).

Table V shows the contact and recombination losses and

the optical currents obtained at the three layers of the a-Si:H

p-i-n solar cell with an 893 nm thick intrinsic layer using

the parameters obtained from our fittings.13 Inspection of

Table V indicates that the recombination loss in the intrinsic

layer (RI) changes more rapidly with the applied forward

voltage and is the most significant at maximum power and

open voltage conditions.

Table VI shows how the recombination losses are dis-

tributed between tail and defect states in the 893 nm thick

intrinsic layer of the a-Si:H p-i-n solar cell at short circuit,

maximum power, and open circuit voltage conditions, with

our and Liang et al.’s parameters, assuming a density of

defects of 9� 1015 cm�3. The last column of Table VI shows

the ratio between the recombination losses taking place at

defect and tail states, defined as RDT¼RDEF/RTAIL. Table VI

indicates that the performance of a-Si:H solar cells in the ini-

tial state is indeed more affected by defect states than by tail

states. Similar conclusions were obtained for the p-i-n sam-

ples grown at Delft University with intrinsic layer thick-

nesses of 200, 400, and 600 nm.13 The solar cell performance

could be considered entirely controlled by tail states when

RDT is 0.1 or lower. Table VI includes some results for lower

defect densities. These calculations show again that defect

densities not higher than 1014 cm�3 are needed to have the

certainty that the solar cell performance is controlled by tail

states.

Table VII shows the densities of defects needed to obtain

RDT¼ 0.1 at short circuit, maximum power, and open circuit

voltage conditions, with ours and Liang et al.’s parameters.

Defect densities between 1014 cm�4 and 5� 1014 cm�3, well

below the figures reported in the literature, were obtained.

Table VII also shows that using Liang et al.4 parameters,

lower defect densities than the ones obtained with our param-

eters would be needed to make recombination losses (and

therefore JSC, FF, and VOC) of a-Si:H based solar cells in

the annealed state to be controlled by tail states. The obtained

defect densities for RDT¼ 0.1 are a bit higher in thinner intrin-

sic layers, due to the stronger electric field. Sub-gap absorp-

tion measured by Constant Photocurrent Method (CPM)

showed little effect on the defect density of a-Si:H films

grown with or without hydrogen dilution,28 while similar

experiments performed with Dual Beam Photoconductivity

(DBP)29 indicate that, although the neutral density of defects

remains unaltered, the density of charged defects in hydrogen

diluted samples decreased by a factor of �3 to 4.

Table VIII shows the recombination losses obtained at

tail and defect states in the 893-nm-thick intrinsic layer

when our electrical parameters are replaced one at a time by

the ones proposed by Liang et al.4 The ratio RDT remains

always larger than one except when the density of states at

the valence band GD0 is increased from 1021 cm�3 eV�1 to

6� 1022 cm�3 eV�1. When our electrical parameters are all

simultaneously replaced by their counterparts of Liang

et al.,4 the recombination losses in the intrinsic layer become

more controlled by defect states due to their choices for

tail states capture cross sections and slopes. In Table VIII,

identical doped layers as the ones used to match the J-V
curves of samples deposited at Delft University were

TABLE V. Electron back diffusion at the front contact (JN0), recombination

losses in the p-layer (RP), intrinsic layer (RI), and n-layer (RN), and hole

back diffusion at the back contact (JPL), at short circuit (JSC), maximum

power (FF), and open circuit voltage (VOC) conditions. The photocurrents

are also shown for each device layer: (GP), (GI), and (GN). The column

“All” is the sum of the recombination and back diffusion losses and JPH is

the total device photocurrent. The assumed electrical parameters were listed

in the second column of Table I. The intrinsic layer is 893 nm thick. All val-

ues are expressed in mA/cm2.

Condition JN0 RP RI RN JPL All

JSC 0.278 0.028 0.705 0.170 0.009 1.190

FF 0.405 0.043 3.740 0.195 0.009 4.392

VOC 3.860 0.361 12.32 0.225 0.009 16.78

GP GI GN JPH

G 0.774 15.82 0.184 16.78

TABLE VI. The symbols JSC, FF, and VOC correspond to short circuit, max-

imum power, and open circuit voltage conditions, respectively, RTAIL and

RDEF are the recombination losses, expressed in mA/cm2, taking place at tail

and defect states of the p-i-n (n-i-p) device with an 893-nm-thick intrinsic

layer. The right column shows the ratio RDT¼RDEF/RTAIL between the

recombination losses at defect and tail states. When not mentioned, the den-

sity of DBs was assumed to be 9� 1015 cm�3.

Parameters Condition

RTAIL

(mA/cm2)

RDEF

(mA/cm2) RDT

Liang et al. JSC 0.442 3.074 6.955

Liang et al. FF 1.069 6.218 5.817

Liang et al. VOC 4.051 13.42 3.313

Ours JSC 0.113 0.592 5.239

Ours FF 0.909 2.831 3.114

Ours VOC 4.453 7.872 1.768

Ours(DB¼ 5� 1014) JSC 0.115 0.049 0.426

Ours(DB¼ 5� 1014) FF 1.824 0.458 0.251

Ours(DB¼ 5� 1014) VOC 8.883 1.529 0.172

Ours(DB¼ 1014) JSC 0.118 0.013 0.110

Ours(DB¼ 1014) FF 2.042 0.107 0.052

Ours(DB¼ 1014) VOC 9.559 0.455 0.048

TABLE VII. The symbols JSC, FF, and VOC correspond to short circuit,

maximum power, and open circuit voltage conditions, respectively, W(i) is

the intrinsic layer thickness. The right column shows the density of defects

that gives RDT¼ 0.1.

Parameters W(i) (nm) Condition DBdensity (cm�3)

Liang et al. 893 JSC 1.07� 1014

Liang et al. 893 FF 1.46� 1014

Liang et al. 893 VOC 1.14� 1014

Ours 893 JSC 1.42� 1014

Ours 893 FF 2.94� 1014

Ours 893 VOC 4.25� 1014

Ours 600 JSC 1.56� 1014

Ours 600 FF 3.10� 1014

Ours 600 VOC 4.88� 1014
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assumed. Table VIII also reveals that when free carrier

mobilities are lowered, recombination losses at tails states

tend to increase more rapidly than at defect states, but the

contribution coming from defect states remains significant.

Although the density of tail states proposed by Liang et al. is

considerably higher at mobility edges, the tail slopes were

reduced from 48 meV and 30 meV to 40 meV and 20 meV at

the valence and conduction band tail, respectively. Using our

parameters, only around 6.4� 1010 cm�3 acceptor-like tail

states and 5� 1015 cm�3 donor-like tail states are located

between the demarcation energies defined by Rose,24 and

therefore acting as effective recombination centers under

short circuit conditions at the middle of the intrinsic layer.

Using the parameters of Liang et al.4 these numbers are

around 8.1� 109 and 6.6� 1015 cm�3, respectively.

In this paragraph, using the information available in the

literature and the electrical parameters of the doped layers of

samples of Delft University (no information of the doped

layers was available in the contribution of Liang et al.4), an

attempt to match the light J-V curve of Liang et al.’s diluted

a-Si:H solar cell with an 893 nm thick intrinsic layer was

undertaken. Quoting the authors, the hydrogen dilution was

carefully selected to maintain a good material quality through-

out the entire intrinsic layer and avoid nano-crystallite inclu-

sion.4 It is widely accepted that hydrogen dilution widens the

mobility gap of a-Si:H.28–32 Some reports indicate little or no

decrease in the density of defects,28,33 while others indicate

the contrary.29–32 In the second case, evidence of lower defect

densities was reflected in higher solar cell FF and VOC.30,31 In

particular, in the paper of Yan et al.,30 where the same collab-

orators of Liang were co-authors, the effect of hydrogen dilu-

tion in FF and VOC was illustrated in their Table I. They

showed characteristic parameters of light J-V curves measured

under AM1.5 illumination at 25 �C on solar cells in the initial

TABLE VIII. Impact on the recombination losses at tail and defect states taking place in the 893 nm thick intrinsic layer of a p-i-n cell when our electrical

parameters (second column of Table I) are replaced by the ones of Liang et al. (third column of Table I). The symbols JSC, FF, and VOC correspond to short cir-

cuit, maximum power, and open circuit voltage conditions, respectively, RTAIL and RDEF are the recombination losses at tail and defect states expressed in mA/

cm2. The right column shows the ratio RDT¼RDEF/RTAIL. The lines with the words “all” show the effect of simultaneously using all the parameters of Liang

et al. The lines (Ours-DPM) show the results when the density of defects is modeled with the Defect Pool Model.

Parameters Condition RTAIL (mA/cm2) RDEF (mA/cm2) RDEF/RTAIL

Ours JSC 0.113 0.592 5.24

Ours FF 0.909 2.831 3.11

Ours VOC 4.453 7.872 1.77

lN¼ 2 cm2V�1 s�1 JSC 0.334 1.222 3.66

lN¼ 2 cm2V�1 s�1 FF 1.411 3.379 2.39

lN¼ 2 cm2V�1 s�1 VOC 4.562 7.894 1.73

lP¼ 0.3 cm2V�1 s�1 JSC 0.889 2.538 2.85

lP¼ 0.3 cm2V�1 s�1 FF 2.041 4.695 2.30

lP¼ 0.3 cm2V�1s�1 VOC 4.450 7.399 1.66

GA0¼ 1.6� 1022 cm�3 eV�1 JSC 0.130 0.559 4.30

GA0¼ 1.6� 1022 cm�3 eV�1 FF 1.140 2.536 2.22

GA0¼ 1.6� 1022 cm�3 eV�1 VOC 5.786 6.892 1.19

GD0¼ 6� 1022 cm�3 eV�1 JSC 0.963 0.873 0.91

GD0¼ 6� 1022 cm�3 eV�1 FF 3.105 2.268 0.73

GD0¼ 6� 1022 cm�3 eV�1 VOC 9.147 4.502 0.49

EA¼ 20 meV, ED¼ 40 meV JSC 0.023 0.525 22.83

EA¼ 20 meV, ED¼ 40 meV FF 0.244 2.967 12.16

EA¼ 20 meV,ED¼ 40 meV VOC 1.730 9.916 5.73

EG¼ 1.74 eV JSC 0.102 0.566 5.55

EG¼ 1.74 eV FF 0.860 2.761 3.21

EG¼ 1.74 eV VOC 3.897 7.326 1.88

rT¼ 1–1.6� 10�16 cm2 JSC 0.032 0.829 25.90

rT¼ 1–1.6� 10�16 cm2 FF 0.231 3.834 16.60

rT¼ 1–1.6� 10�16 cm2 VOC 0.962 10.23 10.63

rG¼ 5–7.5� 10�15–16cm2 JSC 0.115 0.774 6.73

rG¼ 5–7.5� 10�15–16cm2 FF 0.754 3.236 4.29

rG¼ 5–7.5� 10�15–16cm2 VOC 3.590 9.389 2.62

NC-V¼ 4� 1020 cm�3 JSC 0.102 0.601 5.89

NC-V¼ 4� 1020 cm�3 FF 0.830 2.913 3.51

NC-V¼ 4� 1020 cm�3 VOC 4.452 8.550 1.92

All JSC 0.175 4.910 28.06

All FF 0.374 6.999 18.71

All VOC 0.753 10.73 14.25

Ours-DPM JSC 0.014 0.553 39.5

Ours-DPM FF 0.248 3.420 13.79

Ours-DPM VOC 1.095 9.774 8.93
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state with a 200 nm thick intrinsic layer grown without,

medium and high hydrogen dilutions. Their Table I (Ref. 30)

shows VOC of 0.956, 0.985, and 1.010 V, and FF of 0.675,

0.726, and 0.732 for cells deposited with three hydrogen

dilution ratios; being the reported mobility gaps EG 1.78,

1.80, and 1.84 eV, respectively,30 all higher than 1.74 eV.4

Interestingly, in the simulations of Yan et al.30 performed

also with D-AMPS-1D, the presence of a defect density

of 1015 cm�3 was acknowledged. Higher capture cross

sections at defect states and wider tail slopes were also

adopted. Capture cross sections similar to our values of

10�14 cm2 and 10�15 cm2 at charged and neutral defect

states, respectively, were also assumed. By adopting in our

simulations a mobility gap EG of 1.84 eV, the highest value

mentioned by Yan et al.,30 VOC increased to 0.94 V. In order

to enhance VOC further, the following parameters were

lowered: the effective density of states NC and NV to

4� 1019 cm�3, the density of defect states to 1015 cm�3,26 the

valence band tail slope and the density of defects at

band edges to 45 meV and 7� 1020 cm�3 eV�1, respectively,

as suggested by some measurements of the sub-gap absorption

coefficient performed with the DBP technique.29 The free

electron and hole mobilities were assumed to be

10 cm2 V�1 s�1 and 1 cm2 V�1 s�1, respectively. In order to

replicate the experimental results, the mobility gap had to

be increased further to 1.88 eV and capture cross sections

were slightly changed to 9� 10�15 cm2 and 9� 10�16 cm2 at

defect states28 and to 2� 10�15 cm2 and 2� 10�17 cm2 at

tail states. Our results can be found in the last line of Table II,

and the list of parameters in the last column of Table I.

Assuming doped layers with higher conductivities would

require lower mobility gaps in the intrinsic layer. The lower

values of NC, GAO, NV, and GDO can be justified by the transi-

tion from a-Si:H to lc-Si:H when the hydrogen dilution rate

is increased. In lc-Si:H, typical effective densities of states

and density of states at band edges are around 3� 1019 cm�3

and 2� 1020 cm�3 eV�1, respectively.34

Finally, the last lines of Table VIII show the recombina-

tion losses obtained with our parameters in the p-i-n device

with an 893-nm-thick non-diluted intrinsic layer when the

defect density is modeled with the DPM.17 The density of

defects is highly non-uniform near the p/i and i/n interfaces,

and flat in the bulk. The list of our input parameters can be

found elsewhere.35 The loss distribution in layers and con-

tacts is also shown in Table VIII. The relative contribution

of defect states to the total recombination rate in the intrinsic

layer becomes much more significant with the DPM due

to the higher concentration of defects present near the

interfaces.

V. COMPARISON OF THE DARK AND LIGHT J-V
CHARACTERISTICS OBTAINED WITH THE TWO
SETS OF ELECTRICAL PARAMETERS

Figure 4 shows the changes obtained in the J-V charac-

teristics under dark and illuminated (AM1.5 illumination)

conditions when our parameters are replaced by the ones of

Liang et al.4 Only the parameters of the third column of

Table I giving rise to significant modifications are included

in Figure 4. Our fittings, obtained for the solar cell deposited

at Delft University with a 600 nm thick intrinsic layer,13 are

indicated with open square symbols as guide for the eyes

(see the second column of Table I).

Figure 4(a) shows that, when free carrier mobilities are

lowered to the extent suggested by Liang et al.,4 the high for-

ward dark J-V declines significantly, and when the presence

of defects is neglected the low forward dark J-V drops dra-

matically. Fittings of dark J-V curves in our previous publi-

cation13 were performed up to 1 V. However, in a previous

contribution a-Si:H p-i-n based solar cells in the annealed

state prepared in a different laboratory were matched up to

a forward voltage of 2 V, assuming electron and hole mobili-

ties of 10 cm2 V�1 s�1 and 0.88�1 cm2 V�1 s�1, respec-

tively.26 Within the UDM formalism, the highest mobilities

used by us in the intrinsic region of a-Si:H solar cells were

FIG. 4. Modifications obtained in (a) the dark and (b) the illuminated (AM1.5) J-V curves of the a-Si:H p-i-n solar cell with a 600 nm intrinsic layer, when our

electrical parameters are replaced by the parameters suggested by Liang et al.4 (see third column of Table I). The meaning of the symbols is as follows:

(GA0,GD0) density of states at the conduction and valence band edges; (lN,lP) electron and hole mobilities; (DB¼) different concentrations of defects; (No

DB) negligible density of defects in the intrinsic layer, (EA,ED) acceptor and donor band-tail slopes, (All changes) all the parameters of Liang et al. are adopted.

Our fittings are indicated with open square symbols for comparison. In (b), the absolute value of the current density is plotted.
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ln¼ 30 cm2 V�1 s�1 and lp¼ 3 cm2 V�1 s�1.14 At high for-

ward voltages, the current is limited by injection of electrons

over the virtual-cathode barrier (SCLC regime). In p-i-n
devices with good blocking contacts, the virtual cathode bar-

rier is built up not only by electrons injected through the

back contact but also by holes injected through the front con-

tact.26 When the electron and hole free carrier mobilities are

lowered to ln¼ 2 cm2 V�1 s�1 and lp¼ 0.3 cm2 V�1 s�1, the

low electron mobility favors trapping of electrons injected

from the back contact at the virtual cathode, while the low

hole mobility makes trapping of holes in the rear region of

the device more difficult. The final result is a higher potential

barrier at the virtual cathode that lowers the total current.

At low forward voltages and under dark conditions, the

quasi-Fermi levels cannot significantly enter into the tails,

becoming recombination entirely controlled by defect states.

Hence, the low forward dark J-V curve is very sensitive to

the density and capture cross sections of defect states. On

the other hand, the light J-V curve is more sensitive to the

presence of tail states at any forward voltage, because

electron-hole (e-h) pairs generated by the light source move

the quasi-Fermi levels closer to the band edges even at low

forward voltages. Recombination rates through tail and

defect states become comparable. Our simulations indicate

that the low forward dark J-V curve is insensitive to the pres-

ence of defects at densities of �1012 cm�3 or lower, while

the light J-V curve is independent of the defect density for

densities �1–5� 1014 cm�3 or lower. The dark current at

low forward voltages becomes controlled by tail states for

densities of defects below 1012 cm�3 because the density of

states in the valence band tail near the mid-gap is �1.7

� 1013 cm�3. Using Liang et al.4 parameters, the equivalent

density becomes �2.1� 1012 cm�3, indicating that a density

of defects not higher than 2� 1011 cm�3 would be required

to make the dark J-V curve insensitive to defect states. These

very low densities of defects would give rise to saturation

current densities below 10�9 mA/cm2 that were never

reported. Although Liang et al.4 only discussed the light J-V,

it is interesting to stress that the dark J-V of a-Si:H p-i-n
junctions is more sensitive to the presence of defect states

than its counterpart, the light J-V.

Figure 4(b) shows that the deterioration of the solar cell

performance when free carrier mobilities are lowered to the

values suggested by Liang et al.4 is quite considerable (blue

circles). In addition, when the density of states is increased

at the valence band edge as proposed by Liang et al. the solar

cell efficiency also declines significantly (brown diamonds).

The effect of using the whole set of parameters of Liang

et al. is also shown (solid line). Figure 4(b) illustrates as well

a slight improvement of the solar cell performance when the

slopes of the band tails are reduced (green triangles), and a

significant improvement when the density of defects is negli-

gible (red stars). When the density of defects is lowered

below 1014 cm�3 the recombination losses in the intrinsic

layer become entirely controlled by tail states. Similar results

were obtained for the predicted light and dark J-V character-

istics of p-i-n solar cells in the annealed state when the

intrinsic layer thickness is 893 nm.

VI. LIGHT J-V CHARACTERISTICS UNDER RED
LASER ILLUMINATION

In this section, the light J-V curves are re-evaluated

with D-AMPS with Liang et al.’s and with our parameters

for a near-infrared (685 nm) laser light source of 30 mW

(see Figure 5). A red or near IR laser light is more uni-

formly absorbed throughout the intrinsic layer than the

AM1.5 source. However, the e-h pair generation profile is

not entirely flat. In the solar cell with a 186 nm thick intrin-

sic layer, the generation rate at the p/i interface is only

1.014 higher than at the i/n interface, but in the solar cell

with an 893-nm-thick intrinsic layer this factor is of 1.33.

Our average generation rate G is a factor �3.4 higher than

3.3� 1020 cm�3, the value used by Liang et al.4 in their

simulations, due to differences in the optical models and

electrical parameters. The predicted light J-V curves for the

four intrinsic layer thicknesses studied by Liang et al. indi-

cate that, when the intrinsic layer density of defects is

assumed to be 9� 1015 cm�3, the predicted FFs are quite

poor. The saturation of the current, at least at room temper-

ature and for the thickest solar cell, is not reached at

V¼�2 V, contrary to the assumption of Liang et al.4

When the defect density is lowered to only 5� 1014 cm�3,

the predicted FF obtained with Liang. et al.’s parameters is

still poor for the solar cells with the thickest intrinsic layers.

The predicted FFs were 0.726, 0.604, 0.479, and 0.447 for the

183, 377, 574, and 893 nm thick intrinsic layers, respectively,

in comparison with 0.767, 0.736, 0.689, and 0.597 obtained

with our parameters. For this low defect density, the current at

reverse voltages approximately reaches saturation at �2 V

even in the thickest solar cell. Hence, fittings of VOC and the

ratio between the maximum power density PMAX and the cur-

rent at a reverse voltage of �2 V can be preserved, but the

matching of the full light J-V curves was not possible.

FIG. 5. Light J-V curves under red/near-IR laser illumination, obtained with

D-AMPS for a-Si:H p-i-n solar cells with intrinsic layer thicknesses of

186 nm (blue symbols), 377 nm (green symbols), 574 nm (red symbols), and

893 nm (black symbols), when our parameters (second column of Table I,

up triangle symbols) and Liang et al.’s4 parameters (third column of Table I,

down triangle symbols) are used. The global density of defects was assumed

to be 5� 1014 cm�3 (open triangles) or 9� 1015 cm�3 (solid triangles). The

current density is plotted in absolute value.
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Identical conclusions were achieved by adjusting our genera-

tion rate G to �3.3� 1020 cm�3 as in Ref. 4.

Figure 6 shows the performance of p-i-n solar cells

under AM1.5 illumination calculated with D-AMPS for the

four intrinsic layer thicknesses studied by Liang et al.4 The

short circuit current density (Fig. 6(a)) increases with thick-

ness when our parameters are used (squares and triangles),

but starts to decrease beyond a certain thickness when Liang

et al. parameters are used (circles and diamonds). This point

beyond which JSC starts to decrease shifts to lower thick-

nesses as the defect density increases. The open circuit

voltage (Fig. 6(b)) is not very sensitive to the intrinsic layer

thickness, as expected. Figures 6(c) and 6(d) indicate that,

with our parameters, the performance is similar to that exper-

imentally observed in good-quality solar cells, while with

Liang et al.’s parameters the cells exhibit poor FF and effi-

ciencies, especially for intrinsic layers thicker than 400 nm,

even for a density of defect states as low as 5� 1014 cm�3

(circles). Assuming very optimistic activation energies of 0.3

and 0.2 eV in p- and n- layers, respectively, the solar cell per-

formance could be significantly improved even for Liang

et al. parameters and a defect density of 9� 1015 cm�3 (see

the point marked with a star in Fig. 6). For this particular

case, the current density at V¼�2 V is also near saturation.

Hence, for a combination of good quality doped layers and

lower defect densities in the intrinsic layer, the current den-

sity might reach saturation at V¼�2 V.

VII. CONCLUSIONS

In as-deposited a-Si:H based solar cells grown without

or with hydrogen dilution, our simulations indicate that VOC

and FF are controlled by recombination losses taking place

through both tail and defect states located in the intrinsic

layer. Our results also indicate that recombination losses at

defect states are higher than at tail states, in contradiction

with the results of Liang et al.4

The combination of low free carrier mobilities (ln

¼ 2 cm2 V�1 s�1 and lp¼ 0.3 cm2 V�1 s�1) and high density of

states at the valence band edge (GDO¼ 6� 1021 cm�3 eV�1),

as suggested by Liang et al.,4 did not allow the reproduction of

the experimental light J-V curves of a-Si:H solar cells in the

FIG. 6. Dependence of (a) short circuit current density, JSC, (b) open circuit voltage, VOC, (c) fill factor, FF, and (d) efficiency, g, as a function of the intrinsic

layer thickness, calculated with D-AMPS for p-i-n solar cells under AM1.5 illumination, when our parameters (squares and triangles) or Liang et al.’s parame-

ters (circles and diamonds) are used. Results are shown for two different densities of defects, DB¼ 5� 1014 cm�3 (squares and circles) and

DB¼ 9� 1015 cm�3 (triangles and diamonds). The star symbol corresponds to a calculation made with Liang et al.’s parameters, a defect density of

9� 1015 cm�3 and very optimistic activation energies of 0.3 and 0.2 eV at the p- and n-layer, respectively. VOC results in this case 0.933 V, outside the range of

(b). Lines are guide to the eye.
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annealed state deposited without hydrogen dilution. In solar

cells with hydrogen diluted intrinsic layers, the fitting can be

achieved with these parameters by invoking doped layers with

unrealistic low activation energies.

The contribution of Liang et al.4 shows fittings of VOC

and the ratio between the maximum power density PMAX

and the current JP at a reverse voltage of �2 V, at different

temperatures, for solar cells with four intrinsic layer thick-

nesses. Their results should be interpreted as successful rep-

lications of these two quantities, VOC and PMAX/JP(�2 V),

but not of the entire experimental light J-V curves of the as

deposited a-Si:H solar cells.

The photocurrent at �2 V is not a good approximation

of the saturated reverse-bias photocurrent in a-Si:H p-i-n
solar cells at room temperature when the electron and

hole mobilities and the density of states at the valence

band mobility edge are assumed to be ln¼ 2 cm2 V�1 s�1, lp

¼ 0.3 cm2 V�1 s�1, and GDO¼ 6� 1021 cm�3 eV�1, respec-

tively. Our simulations indicate that, at room temperature,

the photocurrent drops significantly between �2 V and 0 V

in devices with 400 nm or thicker intrinsic layers.
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