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The nature of barriers for atomic transport in In2S3 layers has been varied by addition of chlorine.

Diffusion of Cu(I) from a removable CuSCN source was used to probe the variation of the barriers.

The Meyer-Neldel (compensation) rule was observed with a Meyer-Neldel energy (EMN) and a

proportionality prefactor (D00) amounting to 40 meV and 5� 10�14 cm2/s, respectively. D00 shows

that the elementary excitation step is independent of the specific mechanism and nature of the

barrier including different densities of Cl in In2S3. The value of EMN implies that coupling of the

diffusing species to an optical-phonon bath is the source of the multiple excitations supplying

the energy to overcome the diffusion barriers. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4864125]

I. INTRODUCTION

The Meyer-Neldel (compensation) rule (MNR)1 is a

common property observed for a set of related activated

processes in condensed matter physics,1–4 chemistry,5–7

geology,8–10 and biology11,12 that also satisfy the Arrhenius

equation. In physics, MNR has been reported for electronic

and atomic transport in atomic clusters, in the bulk and on

surfaces, and for annealing, desorption and detrapping

kinetics in both crystalline and amorphous materials.13 MNR

arises when the activation energy is large compared to both

kT and the typical excitations of the system.14–16 The ampli-

tude of the prefactor to the exponential term in the Arrhenius

equation increases exponentially when the activation energy

increases leading to MNR. This rule is important for the

analysis of transport phenomena including atomic diffusion.

According to the Eyring theory, the rate of a reaction is

proportional to the exponential of the change in the free

energy between the initial equilibrium position and the acti-

vated state.17 The free energy is given by the difference

between the activation enthalpy and entropy terms, where

the enthalpy change is equivalent to the activation energy—

the energy needed to overcome the barrier for the transition/

reaction to take place. An increase in the activation energy

results in a decrease of the exponential term in the Arrhenius

expression but this decrease is compensated by an increase

in the exponential prefactor resulting in the MNR.1,13

For transport processes such as atomic diffusion, the gen-

eration of the activation volume is likely to be due to multi-

phonon processes.13,14 The larger the activation volume is,

the more phonons will be required and the more paths there

will be for the diffusing species to reach the activated state.

This leads to the proportionality between the activation

energy (EA) and entropy (DS).18 When EA increases, the num-

ber of different ways for the diffusing species to reach the

activated state, via multiphonon processes, also increases

exponentially with EA.13–15 This is because the entropy is pro-

portional to the logarithm of the number of ways of assem-

bling the many excitations or multiphonon processes.19,20

Atomic diffusion is a thermally activated process that

obeys the Arrhenius relation16

DðTÞ ¼ D00 � exp
EA

EMN

� �
� exp � EA

kBT

� �
; (1)

where D is the diffusion coefficient, D00 and EMN (so-called

Meyer-Neldel energy) are constants independent of tempera-

ture, kB is the Boltzmann constant, and T is the temperature

in Kelvin scale. The value of EMN is proportional to the char-

acteristic energy of the heat bath or reservoir that supplies

the energy needed for the transition of the diffusing species

to the activated state.14

Different diffusion mechanisms are possible in solids

depending upon the nature of the host material and the

diffusing species. In most diffusion experiments, different

diffusing species in the same matrix or the same diffusing

species at different concentrations in matrices of different

defect structure obey MNR.21,22 For example, MNR has

been observed for the diffusion of H at different H concen-

trations in a-Si:H (Ref. 23) and in a-Ge:H (Ref. 24) and for

the diffusion of different elements in c-Si and KBr.16

The values of the MN energy for solids have been found

to lie between 25 and 75 meV equivalent to typical optical-

phonon energies (40–50 meV).25 For example, experiments

of annealing of various metastable defects in a-Si:H, doped

and undoped, resulted in EMN¼ 40 meV, while electronic

experiments yielded values between 35 and 55 meV.14 A

study of the reverse saturation current from 23 different solar

cells of 11 distinct categories with band gaps in the range of

1–2 eV resulted in an EMN value of 31 meV.26 Therefore,

coupling to the optical-phonon bath is the possible source of

the multiphonon excitations.14

Cationic vacancies in In2S3 crystals are crucial for Cu

diffusion.27 Two thirds of the introduced Cu occupies the

cationic vacancies, while a third substitute for In in what is
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termed insertion/substitution mechanism.28 Layers of In2S3

are investigated as a model system in which the nature of

barriers for transport has been varied by adding foreign

atoms. In this sense, Cu (I) diffusion is used as a probe for

the variation of the barriers in In2S3. The properties of In2S3

layers depend on the deposition method.29 In this work, three

classes of In2S3 layers based on deposition conditions are

compared and they are (a) thermally evaporated In2S3,30 (b)

In2S3 deposited from indium acetylacetone (In(acac)3) pre-

cursor salt by ion layer gas reaction (ILGAR)31–33 leaving a

small amount of residual carbon from the solvent, and (c)

In2S3 deposited from InCl3 precursor salt by ILGAR with

varying amounts of Cl. The density of Cl was varied by

changing the deposition parameters in the ILGAR deposition

process.33 CuSCN was used as a removable source for

Cu(I).30

Rutherford backscattering spectrometry (RBS) was used

for the analysis of the depth dependent densities of constitu-

ent elements (In, S, Cu, and Cl) after diffusion experiments.34

The diffusion coefficients of Cu(I) were obtained from the

analysis of the depth profiles.

II. EXPERIMENTS

Thermally evaporated In2S3 layers, hereafter called

In2S3 (PVD), were treated in Ref. 30; therefore, the results

from this reference will be used along with similarly treated

samples as described in this section. The In2S3 layers were

deposited on c-Si substrates of about 1 in. diameter. A set

of samples were deposited by spray-ILGAR from 25 mM

solution of In(acac)3 or InCl3 precursor salt dissolved in

ethanol.31,32 The spray-ILGAR deposition process is sequen-

tial and involves spraying the precursor solution sulfurization

by exposure of the precursor layer to H2S gas with pauses in

between.33 These steps were modified to produce In2S3

layers with varying Cl content. In2S3 layers from In(acac)3

precursor are herein named In2S3(acac), while layers from

InCl3 precursor are termed In2S3(Cl). The flow rate of the

H2S gas was 0.0375 or 0.95 l per minute for the 100% or 5%

concentrations, respectively.

As an inexhaustible Cu(I) source, CuSCN was deposited

onto the c-Si/In2S3 samples from a solution of 0.05 M

CuSCN in propyl sulfide35 using spray-spin method.30 Ten

spray-spin cycles of the solution were deposited to produce

layers of about 500 nm thick. Each c-Si/In2S3/CuSCN sam-

ple was cut into several smaller pieces. The diffusion experi-

ments were performed by annealing the small pieces of

c-Si/In2S3/CuSCN from the two sets of samples on a hot

plate in air at ambient pressure and at temperatures of 150,

175, 200, 225, and 250 �C for 5 min each. One bare

c-Si/In2S3 and one as-deposited c-Si/In2S3/CuSCN sample

from each set was left without annealing to serve as a refer-

ence. The CuSCN layers were removed from all the samples

by dipping in pyridine solution, rinsing in de-ionized water,

and drying in a flow of nitrogen gas, leaving behind

c-Si/In2S3:Cu layers.30 RBS experiments were performed on

bare c-Si/In2S3 and c-Si/In2S3:Cu layers using a Heþ ion

beam of energy 1.44 MeV. The scattering angle was 168�

and the charge 10 lC. The bare c-Si/In2S3 samples were used

to determine the stoichiometry and initial thickness of the

layers.

III. DEPTH PROFILING AND DETERMINATION OF
DIFFUSION COEFFICIENTS

An example of the RBS spectra from In2S3(Cl) is shown

in Fig. 1. The RBS signals from Si, S, Cl, Cu, and In are indi-

cated. The relative position of a RBS signal is determined

by the atomic mass of the respective element detected in

the sample. The RBS signals from the light Si atoms of the

substrate appear at the lowest channel numbers, i.e., at the

lowest energy. The S and Cl signals overlapped partially due

to the relatively small difference in their atomic masses. The

thickness of the In2S3 layers was chosen in such a way that

there was no overlap of the RBS signals related to Cu and In.

The signal from Cu increased with increasing annealing tem-

perature due to enhanced Cu diffusion from the CuSCN

source layer into the In2S3 layer.

Figure 2 shows the parts of the RBS spectra from Cu for

In2S3(acac) (a) and In2S3(Cl) (b) layers. The height of the

signals decreased towards lower channel numbers, which

signifies a decrease in the Cu concentration in In2S3:Cu

layers with depth from the surface. The high RBS signal

between channels 380 and 390 in all samples is a signature

of a thin surface layer with a high concentration of Cu. The

rate of increase of the Cu signal with annealing temperature

for In2S3(Cl) was relatively slower than that for In2S3(acac).

The residual Cl tends to limit the diffusion and distribution

of Cu in the In2S3 matrix.

The depth profiles of diffused Cu in In2S3:Cu layers were

extracted from the RBS spectra using Nuno’s Data Furnace

(NDF) code,34,36 which calculates the RBS spectra from

experimental parameters and compares with the measured

spectra. The In2S3 layers were subdivided into thin sub-layers

and the elemental concentrations of each sub-layer adjusted

as the spectra were calculated using experimental parameters

until the best fit was achieved. The elemental compositions

FIG. 1. RBS spectra for sample (c) (In2S3:Cu layers) after diffusion of Cu

(I) at temperatures of 150 (squares), 175 (closed circles), 200 (triangles),

225 (open diamonds), and 250 �C (open circles). The signals from Si, S, Cl,

Cu, and In are indicated.
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and the thicknesses of the sub-layers gave the depth distribu-

tions of each element. In Figure 2, the symbols represent the

measured data, while the continuous lines are the simulated

spectra.

The concentration of Cu versus depth resulting from the

RBS analysis is plotted in Figure 3 for (a) In2S3(acac) and (b)

In2S3(Cl). It was found that a thin surface layer of about

6-8 nm thick with a high density of Cu, independent of the

annealing temperature, existed in all samples. This was due to

the formation of an interfacial layer after annealing between

CuSCN and In2S3 as reported also for Cu(In,Ga)Se2/In2S3

interfaces.37,38 To obtain values for the diffusion coefficients

(DCu) for the different In2S3:Cu layers and for different

annealing temperatures, a one dimensional diffusion model

for simulating the depth profiles by numerically solving

Fick’s second law of diffusion was implemented.30 The val-

ues of DCu were first approximated by fitting the measured Cu

profiles with an error function and then using the values of

DCu giving the best fit as the starting values for the simulation

of the depth profiles using a recursion expression.

The simulation parameters were adjusted until the simu-

lated profiles reproduced the measured data with minimum

deviation. The high Cu density at the surface was not taken

into account because the Cu density was independent of the

annealing temperature. The measured (symbols) and simu-

lated (solid lines) depth profiles of Cu in In2S3(acac) and

In2S3(Cl) layers after annealing at temperatures of 150, 175,

200, 225, and 250 �C and removal of CuSCN are plotted in

Figure 3. The depth profiles could be fitted each with one dif-

fusion coefficient, signifying one diffusion mechanism of Cu

migration in all the In2S3 host layers. It can be remarked that

the thickness of the surface layer with high Cu density

increased at temperatures above 225 �C, especially for

In2S3(Cl) layers as seen in Figure 3(b).

For In2S3(PVD) layers, the values of DCu at annealing

temperatures of 175, 200, 225, and 250 �C amounted to

3.1� 10�14, 4.3� 10�14, 8.0� 10�14, and 8.8� 10�14 cm2/s,

respectively (taken from Ref. 30). For In2S3(acac) layers, the

values of DCu at annealing temperatures of 150, 175, 200, 225,

and 250 �C were 1.0� 10�14, 5.5� 10�14, 7.4� 10�14,

1.0� 10�13, and 1.4� 10�13 cm2/s, respectively, and as an

example for In2S3(Cl ¼ 8.5 at. %) layers DCu values amounted

to 1.8� 10�14, 4.7� 10�14, 1.1� 10�13, 4.4� 10�13, and

9.9� 10�13 cm2/s, respectively.

IV. DIFFUSION MECHANISMS AND THE MEYER-
NELDEL RULE

Figure 4 shows the Arrhenius plots of DCu in In2S3(acac)

and In2S3(Cl) layers as a function of the inverse of the anneal-

ing temperature. The activation energies (EA) and diffusion

prefactors (D0) for Cu diffusion in Cl-free and in Cl-containing

In2S3 layers were obtained by fitting the diffusion coefficient

curves with the Arrhenius equation (1).

There is no systematic change of either D0 or EA with

corresponding change in Cl density. The activation energies

for the Cl-free samples In2S3(acac) and In2S3(PVD)

amounted to 0.24 and 0.30 eV, respectively, and were more

than two times lower than those for the In2S3(Cl) samples.

FIG. 2. RBS signal from diffused Cu in evaporated In2S3 (a) and In2S3

layers deposited from In(acac)3 (b) or InCl3 (c) precursor, after annealing at

temperatures of 150 (squares), 175 (circles), 200 (triangles), and 225 �C
(stars). The symbols and lines represent the measured data and simulated

spectra, respectively.

FIG. 3. Depth profiles of diffused Cu in evaporated In2S3 (a) and In2S3

layers deposited from In(acac)3 (b) or InCl3 (c) precursor, after annealing at

temperatures of 150 (squares), 175 (circles), 200 (triangles), 225 �C (stars),

and 250 �C (open circles). The symbols and lines represent the measured

data and simulated profiles, respectively.

FIG. 4. Arrhenius plot of diffusion coefficients of Cu against temperature in

evaporated-In2S3 and In2S3 layers deposited from In(acac)3 or InCl3 precur-

sors with varying Cl amounts.
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The values of EA for Cu diffusion in In2S3(Cl) layers were

0.76, 0.78, 0.72, and 0.70 eV corresponding to residual Cl

densities of 7.8, 8.5, 11.3, and 13.8 at. %, respectively.

Increasing the Cl density by a factor of two (from 7.8 to 13.8

at. %) did not change the activation energy significantly.

The values of D0 for the Cl-free samples In2S3(acac) and

In2S3(PVD) were of the same magnitude but almost five

orders of magnitude smaller than for the Cl-containing sam-

ples. The increase in the D0 follows due to an increase in the

activation entropy (DS).18–20

The stoichiometry of the In2S3 layers was obtained from

the ratios of the concentrations of the constituent elements in

each of the In2S3 layers. The Cl-free layers were more stoi-

chiometric, with the deviation from stoichiometry increasing

with the amount of residual Cl. The ratio of [S]/[In] for

as-deposited In2S3(PVD) and In2S3(acac) layers amounted to

1.53 and 1.56, respectively, showing S excess. The ratio

[S]/[In] for as-deposited In2S3(Cl) layers was 1.44, 1.43,

1.39, and 1.32 corresponding to Cl concentrations of 7.8,

8.5, 11.3, and 13.8 at. %, respectively. The general chemical

formula was derived as In4S6-2xCl2xþ2y. The subscripts x and

y represent the residual Cl bonded to In and the excess Cl

found in the In2S3 matrix, which may occupy interstitial

position or cationic vacancies as antisites.

The residual Cl in the In2S3 matrix changes the local

bond configurations that can limit the migration of Cu in

In2S3(Cl) compared to stoichiometric In2S3 layers. It is

known that Cu diffuses in In2S3 via vacancy27 and/or

insertion and substitution mechanism.28 The presence of Cl

decreases the density of available vacancies in In2S3 and,

therefore, limits diffusion by the vacancy mechanism. The

In-Cl bond limits the substitution of In by Cu because of the

relatively stronger In-Cl bond (428 KJ/mol) compared to

Cu-S (275 KJ/mol) or In-S (288 KJ/mol) bonds.39 This

increases the barrier for Cu diffusion in In2S3(Cl).

The activation energy of atomic diffusion is influenced

by the nature of bonding in the host material.40 This explains

the observed increase in the activation energy with incorpo-

ration of Cl in the In2S3 matrix. The change in bonding due

to residual Cl also increases the band gap,32 decreases the

work function,41 and improves the photosensitivity42 of

In2S3 layers. Surface photovoltage (SPV) experiments41

have also shown a significant reduction in the degree of

disorder in In2S3(Cl) compared to In2S3(acac) layers. These

changes in the electronic properties affect the chemical

potential of In2S3, which impacts on the exponential

prefactor.

Figure 5 shows a plot of the natural logarithm of the

diffusion prefactor (ln D0) against the activation energy in a

Meyer-Neldel plot. Copper diffusion in In2S3 layers of differ-

ent stoichiometry satisfies the MNR. The Meyer-Neldel energy

(EMN) was obtained from the slope of the graph by fitting the

data with Eq. (2) and amounted to 40 meV. This is equivalent

to the value obtained for annealing processes in a-Si:H.14 The

characteristic temperature T0¼EMN/kB¼ 191 �C. The value of

T0 is related to the average of the temperature range covered in

this work,21 which is 200 �C. The value of D00¼ 5� 10�14

cm2/s defines the diffusion coefficient at T0. The value of EMN

is on the order of the energy of the excitations permitting the

activation, while D00 shows that the elementary excitation

steps are independent of the specific mechanism.13

The MNR arises from the fact that the source of the

energy and the mechanisms of energy transfer for the atomic

transitions are the same.14,15 Semiconductors with band gaps

of 1–2 eV (In2S3 has a band gap of 2.0 eV) will therefore

have EMN values in this range because they obtain their exci-

tation energy from baths, and through interactions, with sim-

ilar characteristics (Ref. 13 and references therein). From the

value of EMN, it can be concluded that coupling of the diffus-

ing Cu to an optical-phonon bath is the source of the multiple

excitations supplying the energy to overcome the diffusion

barriers in In2S3.14

V. CONCLUSION

We have shown the role of residual Cl, and therefore, the

role of foreign atoms in a host material, for Cu(I) diffusion in

In2S3 layers. Residual Cl modifies the local bond configura-

tion in In2S3(Cl) as well as the diffusion mechanisms resulting

in an increase in the activation energy. The MNR holds when

the activation entropy is proportional to the activation energy,

which accounts for the increase in the exponential prefactor

with corresponding increase in the activation energy. The

Meyer-Neldel energy of 40 meV agrees well with values

obtained from activated processes in other materials of similar

band gap. This means that the excitation energy and interac-

tions are from reservoirs with similar characteristics.
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