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There has been a growing interest in solution-phase routes to thermoelectric materials due to the

decreased costs and novel device architectures that these methods enable. Many excellent

thermoelectric materials are metal chalcogenide semiconductors and the ability to create soluble metal

chalcogenide semiconductor precursors using thiol–amine solvent mixtures was recently demonstrated

by others. In this paper, we report the first thermoelectric property measurements on metal

chalcogenide thin films made in this manner. We create Cu2�xSeyS1�y and Ag-doped Cu2�xSeyS1�y thin

films and study the interrelationship between their composition and room temperature thermoelectric

properties. We find that the precursor annealing temperature affects the metal : chalcogen ratio, and

leads to charge carrier concentration changes that affect the Seebeck coefficient and electrical

conductivity. Increasing the Se : S ratio increases electrical conductivity and decreases the Seebeck

coefficient. We also find that incorporating Ag into the Cu2�xSeyS1�y film leads to appreciable

improvements in thermoelectric performance by increasing the Seebeck coefficient and decreasing

thermal conductivity. Overall, we find that the room temperature thermoelectric properties of these

solution-processed materials are comparable to measurements on Cu2�xSe alloys made via conventional

thermoelectric material processing methods. Achieving parity between solution-phase processing and

conventional processing is an important milestone and demonstrates the promise of this binary solvent

approach as a solution-phase route to thermoelectric materials.

1. Introduction

The thermoelectric effect directly converts temperature differ-

ences into voltage differences and vice versa. This enables the

creation of solid-state thermoelectric power generators and

coolers, which are promising for addressing challenges related

to energy and climate change.1–4 For example, thermoelectric

generators can convert waste heat into electricity and thereby

boost the efficiency of power plants and automobiles. In addi-

tion, thermoelectric refrigerators eliminate the need for refrig-

erants, which are generally potent greenhouse gases. Much of

the current thermoelectric literature focuses on developing

improved thermoelectric materials and on device-level perfor-

mance with these new materials.5–15

In recent years, there has been growing interest in solution-

phase routes to thermoelectric materials.10,16–20 One reason for

this interest is that solution-phase processes use mild

temperatures, moderate pressures and inexpensive equipment,

which inherently decrease costs. Importantly, solution-phase

processes benet thermoelectricity at the device architecture

level as well. This is signicant because cost analysis

studies2,21,22 have found that thermoelectric system cost is

dominated by the heat exchangers instead of the thermoelectric

materials themselves. Excitingly, new concepts in device archi-

tecture23 leverage solution-phase processing to create devices

that eliminate much of the heat exchanger costs and are more

efficient than traditional at plate designs.

Potential routes to solution-phase processed thermoelectric

materials include the use of polymers and soluble inorganic

semiconductor precursors. The excellent solubility properties of

polymers make them attractive,10,18 but low charge carrier

mobilities tend to hamper thermoelectric performance. The

best thermoelectric materials are crystalline inorganic semi-

conductors, whichmakes nding solution-phase routes to these

materials of high interest. Ideally one could deposit inorganic

semiconductors by directly dissolving them in a solvent,

depositing the solution, and drying. Unfortunately, inorganic

semiconductors are generally insoluble due to their strong

covalent bonds. One way around this hurdle is to create soluble

semiconductor precursors that can be transformed into crys-

talline semiconductors aer deposition. An excellent example
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of this is the use of hydrazine to create chalcogenidometallate

precursors, which can be transformed into crystalline metal

chalcogenide semiconductors via mild thermal treatments.24–26

However, a large drawback of using hydrazine is that it is highly

toxic, explosive, and carcinogenic. Webber and Brutchey27

recently discovered that metal chalcogenide semiconductors

can be dissolved into binary thiol–amine solvent mixtures to

create soluble precursors. This binary solvent approach is

particularly attractive because these solvents are much less

hazardous than hydrazine. This binary solvent approach has

since been used to create soluble precursors for a large variety of

metal chalcogenide semiconductors.27–31 The deposition and

characterization of photovoltaic Cu2SnSe3,
32 Cu2ZnSn(Sx-

Se1�x)4,
33 and Cu(In,Ga)Se2 (ref. 34) has already been demon-

strated and promising performance achieved. Many of the best

thermoelectric materials3,4,6,8 are metal chalcogenides (Cu2X,

Bi2X3, PbX, SnX, etc. where X¼ S, Se, or Te), which suggests that

this binary solvent approach is promising as a solution-phase

route to thermoelectric materials as well.

In this paper, we report the rst thermoelectric property

measurements on metal chalcogenide thin lms made using

this thiol–amine solvent approach. More specically, we

combine Cu2�xSe, Cu2�xS, and Ag2S precursors to create

Cu2�xSeyS1�y and Ag-doped Cu2�xSeyS1�y thin lms. We use

Rutherford backscattering spectroscopy (RBS), scanning elec-

tron microscopy (SEM), and X-ray diffraction (XRD) to charac-

terize the structure of these materials. We then gauge the

thermoelectric performance of these materials by measuring

Seebeck coefficient, electrical conductivity, and thermal

conductivity at room temperature. We nd that the room

temperature thermoelectric properties of these solution-

processed materials are comparable to measurements on

Cu2�xSe alloys made via conventional thermoelectric material

processing methods.8,35–37 Achieving parity between solution-

phase processing and conventional processing is an impor-

tant milestone and demonstrates the promise of this binary

solvent approach as a solution-phase route to thermoelectric

materials.

2. Experimental methodology
2.1. Precursor synthesis

We synthesized three separate precursors for Cu2�xSe, Cu2�xS,

and Ag2S using thiol–amine solvent mixtures as reported by Lin

et al.30 andMcCarthy et al.29 The Cu2�xSe precursor wasmade by

stirring a mixture of 100 mg Cu2Se, 2 mL of ethylenediamine

(EDA) and 200 mL of ethanedithiol (EDT) for more than 10

minutes to yield a transparent reddish-brown solution. The

Cu2�xS precursor was made by stirring a mixture of 100 mg

Cu2S, 2 mL of EDA and 200 mL of EDT for more than 10 minutes

to yield a transparent brown solution. The Ag2S precursor was

made by stirring a mixture of 236 mg of Ag2O, 1 mL of EDA, and

250 mL of EDT for 1 day to form a transparent colourless solu-

tion. All precursor solutions were ltered to remove any

undissolved solids. These three precursors were then mixed in

appropriate ratios to create the desired Cu2�xSeyS1�y or Ag-

doped Cu2�xSeyS1�y samples. Prior to this precursor mixing

process, we diluted the Ag2S precursor so that it could be

accurately added in the necessary small quantities. Note that

the thiols in the solvent can function as a sulfur source when

thermally decomposing these precursors. Hence thermal

decomposition of the Cu2�xSe precursor yields a sample of

approximately Cu2�xSe0.67S0.33 composition (see Results and

discussion). Similarly the Ag2O and thiols combine to form Ag2S

when thermally decomposing the Ag2S precursor. All of the

precursor preparation was done in a nitrogen-lled glovebox.

To prepare the precursors described above, we purchased

ethylenediamine (>99.5%, puried by redistillation, product

391085), Cu2Se (>99.95, product 481629), and Cu2S (99.99%,

product 510653) from Sigma-Aldrich. Ag2O (99.99%, product

42577) was purchased from Alfa Aesar. Samples were prepared

using ethanedithiol purchased from either Alfa Aesar (>98%,

product L12865) or Sigma Aldrich (>98.0%, product O2390).

2.2. Thin lm deposition

Substrates were cleaned with acetone and isopropanol and then

treated with UV ozone for 10 minutes prior to lm deposition.

In a typical lm deposition, substrates were covered in ltered

precursor solution then spin-coated at 2500 rpm for 45 seconds.

Substrate size varied from �1 � 1 cm to �2 � 2 cm. Film

thickness was controlled by varying spin speed and/or adjusting

precursor concentration in the EDA–EDT solvent mixture. The

precursor lms were rst dried by placing on a hotplate set to

125 �C for 15 min. The lms were than thermally transformed

into Cu2�xSeyS1�y or Ag-doped Cu2�xSeyS1�y samples by ramp-

ing up the hot plate to the annealing temperature and main-

taining that annealing temperature for at least 30 minutes.

Annealing temperatures were varied from 310–390 �C. In order

to ensure the accuracy of our reported annealing temperatures,

we created temperature calibration curves that relate the hot-

plate set temperature to the substrate surface temperature.

These calibration curves were created by bonding thermocou-

ples to the surface of reference substrates (i.e. amorphous

quartz substrates or crystalline silicon substrates) while varying

the hot plate temperature (see Fig. S1 in ESI†). Note that all

annealing temperatures in this paper refer to the true temper-

ature at the surface of the substrate.

The thin lms in this paper ranged from 60–90 nm thick and

were prepared on either amorphous quartz or crystalline silicon

substrates. We did not observe any morphology differences

between lms prepared on quartz and silicon (see Fig. S2 in

ESI†). This is likely because the native oxide on the silicon

substrate makes that surface nearly identical to quartz. Quartz

substrates were used in samples for electrical conductivity

measurements, Seebeck coefficient measurements, X-ray

diffraction, scanning electron microscopy, and Rutherford

backscattering spectroscopy. Silicon substrates were used in

samples for thermal conductivity measurements. The use of

both quartz and silicon substrates was necessitated by differing

requirements for charge transport and thermal transport

measurements (see Section 2.4 for more detail). All thin lms

were deposited and stored in a nitrogen-lled glovebox to

prevent oxidation effects.
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2.3. Materials characterization

The Cu2�xSeyS1�y precursor was characterized using a ther-

mogravimetric analyzer (Setaram TG92). The thermogravi-

metric analysis sample was prepared by dropcasting the

precursor solution onto a substrate and drying on a hotplate set

to 125 �C for 30 min. The solidied precursor was then scraped

off of the substrate and then placed into the thermogravimetric

analyzer, where it was heated from room temperature to 450 �C

at 2 �C min�1 in a helium atmosphere.

Bulk Cu2�xSeyS1�y samples for XRD studies were prepared in

a similar fashion to the thermogravimetric analysis samples.

First a thick lm of precursor was prepared by dropcasting the

precursor solution onto a substrate. The precursor lm was

then annealed for 60 min. The sample was then scraped off of

the substrate, ground into a powder, and examined in the X-ray

diffractometer.

Films were characterized using a combination of RBS, XRD,

SEM, and prolometry. High-resolution XRD was performed

using a PANalytical X'Pert PRO MRD with CuKa X-ray source

operating at 40 kV and 40 mA. SEM and prolometry were

performed using a FEI XL30 and Bruker Dektak XT, respectively.

RBS was done using a 1.7 MV Tandetron Ion Accelerator

made by General Ionex. The RBS data was collected using 3 MeV

He2+ ions and analyzed using RUMP. The measurement

uncertainty for the RBS data was determined using a combina-

tion of (i) iterative data tting with RUMP, (ii) visual inspection

of the data t, and (iii) matching the integrated areas of the

elemental peaks between the RUMP tting and RBS data. RUMP

accounts for the experimental parameters of the RBS system

during its data ttings. Consequently the indicated uncer-

tainties for the RBS data account for bias uncertainties in our

RBS setup as well as statistical uncertainties arising from weak

elemental signals (i.e. the Ag signal had low counts).

2.4. Thermoelectric property measurements

Seebeck coefficient measurements were performed using the

steady-state slope method.38 The temperature gradient for the

Seebeck coefficient measurement was created using two

commercially available thermoelectric devices to heat and cool

opposite ends of the sample. The heating and cooling of the

sample was applied such that the average sample temperature

was approximately room temperature. The temperatures at the

hot and cold ends of the sample were measured using T-type

thermocouples and a Stanford Research Systems SR630 Ther-

mocouple Reader. The open circuit voltage was measured for six

temperature differences ranging from �20 to +20 �C using an

Agilent 34401A Multimeter. Plotting a curve of voltage (V) versus

temperature difference (DT) and then taking the negative slope

of the curve yields the Seebeck coefficient, S¼�V/DT. A positive

Seebeck coefficient indicates that the sample is p-type and that

the cold region of the sample develops a higher potential than

the hot region. The temperature uncertainties in the sample's

hot and cold regions were the dominant contributor to the

uncertainty in each Seebeck coefficient measurement. This

resulted in a Seebeck coefficient measurement uncertainty of

�10%.

Electrical conductivity measurements were performed using

the van der Pauw method and conducted on the same samples

used to measure the Seebeck coefficient. The sheet resistance

was measured using a Keithley 2400 Sourcemeter by taking

current–voltage data at 10 points for currents ranging from �50

to +50 mA. The sample thickness was measured by scratching

the sample and performing prolometry at the scratch location.

Uncertainty in lm thickness uniformity was the dominant

contributor to the uncertainty in each electrical conductivity

measurement. This resulted in an electrical conductivity

measurement uncertainty of �5%. Samples for electrical

conductivity and Seebeck coefficient measurements were

prepared on quartz substrates. The use of electrically insulating

quartz substrates ensures that all charge transport occurs

within the thin lm sample itself. Seebeck coefficient and

electrical conductivity measurements were also done in

a nitrogen-lled glovebox to ensure that the samples were not

affected by oxidation.

Thermal conductivity measurements were done using the

differential 3u method.39–41 An approximately 150 nm SiO2

dielectric layer was rst deposited on top of the samples by

sputtering. This dielectric capping layer protects the samples

against oxidation effects and also ensures that the electrical

current applied during the 3u measurement stays isolated

within the 3u measurement lines. 3u measurement lines were

then patterned on top of the dielectric layer using standard

photolithography techniques. The 3u lines were made of

150 nm thick Al and had varying widths and lengths ranging

between 6–15 mm wide and 800–1000 mm long. Current was

applied to the 3u line using the internal voltage source of

a Stanford Research Systems SR830 Lock-in Amplier. The

SR830 Lock-in Amplier was also used to measure the 1st and

3rd harmonics of the voltage signal. A differential op-amp and

potentiometer was used to isolate the 3rd harmonic of the

voltage signal coming from the 3u line. The temperature coef-

cient of resistance was measured using a custom-built

temperature-controlled sample stage and an Agilent 34401a

Multimeter. Since the 3u method measures the combined

thermal response of the dielectric layer, thin lm sample, and

substrate, reference samples consisting of only the dielectric

layer and substrate were prepared identically and simulta-

neously with the measurement samples. Subtracting the

thermal response of the reference sample from the measure-

ment samples enables the thermal conductance of the thin lm

samples to be isolated. Thermal conductivity measurement

samples were prepared on crystalline silicon substrates instead

of the amorphous quartz substrates used for electrical

conductivity and Seebeck coefficient measurements. Since the

thermal conductivity of silicon is two orders of magnitude

higher than quartz, this choice of substrate minimizes the

temperature drop in the substrate and maximizes the temper-

ature drop in the thin lm during thermal conductivity

measurements. This increases the sensitivity of the 3u signal to

the thin lm and improves measurement quality. The uncer-

tainties in the 3u line's temperature coefficient of resistance as

well as the lm thickness uniformity were the two dominant

contributors to uncertainty in each thermal conductivity

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 99905–99913 | 99907
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measurement. This resulted in a thermal conductivity

measurement uncertainty of �15%.

We found that Cu2�xSeyS1�y and Ag-doped Cu2�xSeyS1�y

could be routinely prepared using the procedures and reagents

described in Sections 2.1 and 2.2 as based upon RBS, XRD, and

SEM data. However, we found that the history of the ethyl-

enediamine solvent could affect the resulting thermoelectric

properties of the lms. Ethylenediamine is extremely hygro-

scopic, and we speculate that absorption of impurities from the

atmosphere in our wet chemistry glove box may be the origin of

this behavior. To mitigate this effect, we prepared all thermo-

electric measurement samples using a brand new bottle of

ethylenediamine that was puried by redistillation by Sigma

Aldrich (product 391085) and shipped in a Sure/Seal™ bottle.

This bottle was opened immediately prior to precursor prepa-

ration. The thermoelectric properties reported in this paper

came from two separate sample batches prepared three weeks

apart and made with two different brand new ethylenediamine

bottles.

3. Results and discussion

Thermogravimetric analysis of the Cu2�xSe precursor indicates

that the mass loss in the precursor is approximately complete at

275 �C, which indicates that this temperature is sufficient to

transform the precursor into Cu2�xSeyS1�y (see Fig. 1). To

identify what effects the nal precursor annealing temperature

had on Cu2�xSeyS1�y structure, composition, and thermoelec-

tric properties, we prepared samples with annealing tempera-

tures of 310, 350, and 390 �C.

We next studied the chemical composition of our samples

using RBS (Table 1). When the Cu2�xSe precursor is annealed at

310 �C, the resulting stoichiometric composition is

Cu1.78Se0.69S0.31. While it may seem odd that a Cu2�xSe

precursor can yield a lm of Cu2�xSeyS1�y composition, we

remind the reader that the thiols in the EDA–EDT solvent

mixture function as a sulfur source during thermal decompo-

sition of the precursor. It should be noted that Cu vacancies are

a common in Cu2�xX (X ¼ S, Se, Te) and values of x up to 0.3 are

frequently observed.42,43 When the precursor is annealed at

a higher temperature of 390 �C, the number of Cu vacancies is

reduced and the chemical composition becomes

Cu1.94Se0.65S0.35. This change in lm stoichiometry is facilitated

by the loss of chalcogen when the precursor is annealed at

higher temperatures. This chalcogen loss can also be observed

in the thermogravimetric analysis data; although the curve is

approximately at above 275 �C, a very slow mass loss is visible

above this temperature (Fig. 1).

Since our sample stoichiometries are close to Cu2�xSe, we

expect our samples to adopt the crystallographic structure of

Cu2�xSe. Stoichiometric Cu2�xSe has two common phases, the

a-phase (monoclinic) which occurs at room temperature and

the b-phase (cubic) which occurs at temperatures above

�140 �C. The a–b transition is a continuous (i.e., second order)

phase transition and occurs over an extended temperature

range. The transition temperature for this phase change is also

known to sharply decrease as the sample becomes more sub-

stoichiometric (i.e., value of x increases).42,44–46 In fact, two-

phase a + b mixtures are oen reported at or near room

temperature.42–48

The X-ray diffraction pattern of bulk powder prepared from

the Cu2�xSe precursor indicates that this process yields two-

phase a + b mixtures (Fig. 2c). Given that our samples have

large values of x, the presence of a two-phase mixture is not

surprising. The peak at 40� and small peak shoulder at 25.5�

Fig. 1 Thermogravimetric analysis of the Cu2�xSe precursor carried

out at a temperature ramp rate of 2 �C min�1 and conducted in

a helium atmosphere. Prior to the thermogravimetric analysis, solvent

was removed from the precursor by placing the sample on a hotplate

set to 125 �C for 30 minutes.

Table 1 The stoichiometry of the samples prepared in this work. Samples 1–3 were prepared using the Cu2�xSe precursor and annealed at

310 �C, 350 �C, and 390 �C, respectively. Sample 4 was prepared using a Cu2�xSe–Ag2S precursor mixture annealed at 350 �C. Sample 5 was

prepared using the Cu2�xS precursor and annealed at 350 �C. Sample 6 was prepared using a Cu2�xSe–Cu2�xS precursor mixture annealed at

350 �C

Sample

Precursor annealing

temperature (�C)

Sample stoichiometry

Cu Ag Se S

1 310 1.78 � 0.06 0 0.69 � 0.03 0.31 � 10%

2 350 1.89 � 0.06 0 0.69 � 0.03 0.31 � 10%

3 390 1.94 � 0.06 0 0.65 � 0.03 0.35 � 10%
4 350 1.83 � 0.06 0.009 � 10% 0.77 � 0.03 0.23 � 10%

5 350 2.03 � 0.06 0 0 1.00 � 0.05

6 350 2.03 � 0.06 0 0.52 � 0.03 0.48 � 10%

99908 | RSC Adv., 2016, 6, 99905–99913 This journal is © The Royal Society of Chemistry 2016
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conrms the presence of the a-phase. A very broad peak span-

ning 51–53� conrms the presence of the b-phase; the right half

of this broad peak can be attributed to the b-phase and the le

half of this broad peak can be attributed to the a-phase. The

peak intensity ratios provide additional evidence for a a +

bmixture. For pure a-phase, the ratio of the peaks at 26� and 40�

should be approximately equivalent. However, the observed

intensity of our 26� peak is much greater than our 40� peak, and

we attribute this extra intensity to the presence of the b-phase.

Our thin lm samples are highly textured and exhibit a strong

diffraction peak at 26.9, 27.1, and 27.1� for the samples

annealed at 310, 350, and 390 �C, respectively (Fig. 2g–i). These

peaks match more closely to the (111) b-Cu2�xSe reection at

27.1� than to the (221) a-Cu2�xSe reection at 26.5�. While the

presence of the 27.1� peak conrms the presence of the b-phase

in the thin lms, this does not necessarily prove the absence of

the a-phase. The peak intensities of the a-phase are inherently

weaker than the b-phase due to their respective crystal struc-

tures (i.e., monoclinic for a-phase and cubic for b-phase).

Consequently we presume two possibilities for the crystal

structure of these thin lms. The rst possibility is that the thin

lms are indeed mixtures of a- and b-phase Cu2�xSe as in the

case of the bulk powder prepared from the Cu2�xSe precursor

(Fig. 2c). If so, this would mean that the weak monoclinic peaks

from an only partially monoclinic sub-90 nm thin lm are

undetectable to our diffractometer. The second possibility is

that the surface energy of the thin lms causes them to adopt

a purely b-phase crystal structure. Our present data cannot

denitively differentiate between the abovementioned two

possibilities.

The XRD pattern on the bulk Cu2�xS powder prepared from

the Cu2�xS precursor exhibits the characteristic peaks of

tetragonal Cu2�xS (Fig. 2e). In the case of the Cu2�xS thin lm,

no diffraction pattern peaks are observed (Fig. 2l). This means

that either the thin lm is amorphous or that the intensity of

the thin lm's tetragonal diffraction pattern is below our

diffractometer's detection limit.

The bulk diffraction from the mixed Cu2�xSe–Cu2�xS

precursor (Fig. 2d) was made with the same ratio as sample 6 in

Table 1, and so we assume that it has a composition of

Fig. 2 X-ray diffraction patterns of samples prepared in this work: (a)

powder diffraction file for b-Cu2Se, file 00-027-1131, (b) powder

diffraction file for a-Cu2Se, file 01-088-2043; diffraction patterns of

bulk powders prepared using (c) the Cu2�xSe precursor, (d) a mixture

of the Cu2�xSe and Cu2�xS precursors, and (e) the Cu2�xS precursor; (f)

powder diffraction file for tetragonal Cu2S, file 01-072-1071; diffrac-

tion patterns of thin films prepared using the Cu2�xSe precursor at

varying annealing temperatures of (g) 310 �C, (h) 350 �C, and (i) 390 �C;

diffraction pattern of thin films with nominal compositions of (j)

Cu1.83Ag0.009Se0.77S0.23, (k) Cu2.03Se0.52S0.48, and (l) Cu2.03S.

Fig. 3 Scanning electron microscopy images of thin films prepared

using the Cu2�xSe precursor at varying annealing temperatures of (a)

310 �C, (b) 350 �C, and (c) 390 �C; and thin films with nominal

compositions of (d) Cu2.03S, (e) Cu2.03Se0.52S0.48, and (f)

Cu1.83Ag0.009Se0.77S0.23.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 99905–99913 | 99909
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Cu2.03Se0.52S0.48 as well. This diffraction pattern possesses

characteristics of both compounds. It maintains the tetragonal

diffraction pattern peaks from the Cu2�xS phase, but has the

peaks shied to lower 2 theta due to the larger atomic size of Se

relative to S. In addition, the dominant peaks transition away

from the tetragonal dominant peaks (32� and 39�) to the

dominant Cu2�xSe peaks (27
� and 45�), thereby conrming that

the crystal structure of this sample also possesses characteris-

tics of Cu2�xSe. The diffraction pattern of the thin lm made

with this precursor mixture resembles that of the other thin lm

samples. It exhibits texturing with a strong diffraction peak at

27.2� (Fig. 2k).

Prior literature36,49,50 demonstrates thermoelectric perfor-

mance can be improved by doping Cu2�xX with Ag. Inspired by

these results, we created Cu1.83Ag0.009Se0.77S0.23 samples by

adding Ag2S precursor to the Cu2�xSe precursor and annealing

at 350 �C. The X-ray diffraction pattern of this lm is similar to

the other lms prepared with the Cu2�xSe precursor. It exhibits

texturing and a strong diffraction peak at 26.9� (Fig. 2j).

Fig. 3 shows scanning electron micrographs of typical

Cu2�xSeyS1�y and Ag-doped Cu2�xSeyS1�y thin lms prepared in

this work. Although these lms were specular to the eye, the

scanning electron micrographs show reveal nanoscale features

and pores. The presence of these features and pores can be

attributed to the mass loss that occurs during the precursors'

physical transformation into Cu2�xSeyS1�y and Ag-doped

Cu2�xSeyS1�y thin lms.

Having determined the salient structural and compositional

features of Cu2�xSeyS1�y and Ag-doped Cu2�xSeyS1�y lms

prepared using EDA–EDT solvent mixtures, we proceeded to

measure their thermoelectric properties. The energy conversion

efficiency of a given thermoelectric material is given by its

thermoelectric gure of merit, ZT. The thermoelectric gure of

merit is given by the expression, ZT ¼ S2sT/k, where S, s, T, and

k are the Seebeck coefficient, electrical conductivity, absolute

temperature, and thermal conductivity. We measured the See-

beck coefficient, electrical conductivity, and thermal conduc-

tivity of our samples at room temperature using the steady-state

slope method,38 van der Pauwmethod,38 and the 3umethod,39,40

respectively.

Fig. 4 shows the effect of precursor annealing temperature

on the electrical conductivity, Seebeck coefficient, and thermal

conductivity of thin lms prepared with the Cu2�xSe precursor.

We nd that as the annealing temperature increases from 310

to 390 �C, the average Seebeck coefficient increases from 26 to

34 mV K�1 and the average electrical conductivity decreases from

1380 to 890 U
�1 cm�1. The thermal conductivity of these

samples was insensitive to annealing temperature and is

approximately 0.6 W m�1 K�1. It is worth noting that Lin et al.30

measured the electrical conductivity of similarly prepared

Cu2�xSe lms that were annealed at 300 �C. Their value of 1168

U
�1 cm�1 is comparable to our value of 1380 U�1 cm�1 obtained

for samples annealed at 310 �C. Inspection of Fig. 4 also shows

that the sample-to-sample variations in thermoelectric proper-

ties are non-negligible and in some cases can exceed the

uncertainty of an individual measurement. The positive sign of

the Seebeck coefficient indicates that our samples are p-type,

which is typical for Cu2�xSe lms where it is well known that

Cu vacancies lead to holes.8,42 Our observation of an increasing

Seebeck coefficient accompanied by a decreasing electrical

conductivity is a well-known occurrence that arises from

changes in charge carrier concentration. More specically, it is

known that decreasing carrier concentration in a semi-

conductor decreases electrical conductivity and increases See-

beck coefficient.4,51

We trace our observed electrical conductivity and Seebeck

coefficient dependences on annealing temperature to stoichio-

metric changes in our samples. Inspection of our Rutherford

backscattering spectroscopy shows that the amount of Cu

vacancies (i.e., value of x) decreases from 0.22 to 0.06 as the

annealing temperature is increased from 310 �C to 390 �C. Since

Cu vacancies in Cu2�xSe lead to holes, this stoichiometric trend

indicates that increasing annealing temperature leads to

a decrease in hole concentration and consequently a decrease in

electrical conductivity. Accompanying this decrease in hole

concentration is an increase in Seebeck coefficient as dictated

Fig. 4 Room temperature properties of (a) electrical conductivity, (b)

Seebeck coefficient, and (c) thermal conductivity of thin films prepared

using the Cu2�xSe precursor at varying annealing temperatures. Each

data point and error bar represents a distinct sample and the corre-

sponding measurement uncertainty on that sample.
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by the interplay of carrier concentration and Seebeck coefficient

in thermoelectric materials.4,51

We also varied the Se : S ratio in our Cu2�xSeyS1�y by mixing

in Cu2�xS precursor and annealing at 350 �C. Fig. 5 shows that

as the Se : S ratio is decreased, the average Seebeck coefficient

increased from 29 to 83 mV K�1 and the average electrical

conductivity decreased from 1163 to 163 U
�1 cm�1. This order

of magnitude difference in electrical conductivity between

samples prepared with the Cu2�xSe and Cu2�xS precursors is

similar to that observed by Lin et al.30 Part of this change in

electrical conductivity can be attributed to stoichiometry. The

RBS data shows that the values of x in the samples prepared

with the Cu2�xS precursor and Cu2�xS–Cu2�xSe precursor

mixture is approximately zero. Consequently these samples

should have less charge carriers than the samples prepared with

the Cu2�xSe precursor. Our observed increase in Seebeck coef-

cient as the sample becomes more Cu2�xS rich is also

consistent with this decrease in charge carrier concentration. It

is also possible that changes in electronic band structure (e.g.

band gap, inertial effective mass, density of states effective

mass, crystallographic symmetry, etc.) could be contributing to

these property trends, however our present data is insufficient

to assess this possibility.

We next turn our attention to the thermoelectric properties

of our Ag-doped Cu2�xSeyS1�y prepared with a 350 �C annealing

temperature, which results in a composition of Cu1.83Ag0.009-

Se0.77S0.23 (Table 2). Our efforts to Ag-dope our samples were

motivated by the work of Brown et al.49 They studied Cu2Se and

Cu1.97Ag0.03Se and found that Ag-doping increased structural

entropy, which in turn dramatically increased S and slightly

decreased s around the a–b phase transition temperature

region. They also found that doping Cu2Se with Ag broadened

the temperature region of the continuous a–b phase transition,

and caused the effect of increased structural entropy to be

observed at lower temperatures. Lastly, they found that Ag-

doping decreased thermal conductivity by increasing phonon

scattering. We observe similar behaviour when comparing the

thermoelectric properties of our Cu1.83Ag0.009Se0.77S0.23 and

Cu1.89Se0.69S0.31 samples (Table 2 and Fig. 4). Ag-doping leads to

an average Seebeck coefficient of 52 mV K�1, which represents

an appreciable 80% increase over the non-Ag-doped samples.

We note that the larger number of Cu vacancies and larger Se : S

ratio in the doped samples relative to the non-doped samples

cannot explain this increase in Seebeck coefficient. This is

because we already showed that increases in Cu vacancies

(Table 1 and Fig. 4) and increases in Se : S ratio (Fig. 5) both

decrease Seebeck coefficient. Ag-doping also improves thermo-

electric performance by decreasing thermal conductivity. We

nd that our Ag-doped samples have an average thermal

conductivity of 0.43 W m�1 K�1, which is �30% lower than the

non-Ag-doped samples. Sample-to-sample variations preclude

us from denitively knowing if we also observe a small decrease

in electrical conductivity with Ag-doping. While we speculate

that the thermoelectric properties changes between our

Cu1.83Ag0.009Se0.77S0.23 and Cu1.89Se0.69S0.31 samples have

similar origins to the work by Brown et al.,49 this cannot be

conclusively determined with the present data. First, our Ag-

concentration is approximately 3 times lower than their work.

We note that our Ag concentrations of 0.009 were near the

solubility limit for the Cu2�xSe–Ag2S precursor mixture and so

we could not attempt larger Ag concentrations for this reason.

Fig. 5 Room temperature properties of (a) electrical conductivity and

(b) Seebeck coefficient for varying Se : S ratios in samples of Cu2�x-

SeyS1�y composition. Each data point and error bar represents

a distinct sample and the corresponding measurement uncertainty on

that sample. Note that error bars on some data points are smaller than

the data points themselves.

Table 2 The thermoelectric properties of thin films prepared using a Cu2�xSe–Ag2S precursor mixture annealed at 350 �C. The nominal

compositions of these samples are Cu1.83Ag0.009Se0.77S0.23

Sample

Precursor annealing

temperature (�C)

Seebeck coefficient

(mV K�1)

Electrical conductivity

(U�1 cm�1)

Thermal conductivity

(W m�1 K�1)

Ag-1 350 44 � 10% 1027 � 5% —

Ag-2 350 49 � 10% 1134 � 5% —

Ag-3 350 61 � 10% 869 � 5% —

Ag-4 350 — — 0.42 � 15%

Ag-5 350 — — 0.44 � 15%

Average — 51 1010 0.43

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 99905–99913 | 99911
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In addition, the behaviour observed by Brown et al.49 requires

that the sample be near the a–b phase transition temperature

region. This is true for the bulk powder sample prepared from

the Cu2�xSe precursor because its XRD pattern exhibits both a-

and b-phase peaks. However, the weak diffraction signal from

our thin lm samples cannot conrm the presence of both a-

and b-phases in the thin lm samples.

Overall, the room temperature Seebeck coefficients, elec-

trical conductivities, and thermal conductivities of our samples

prepared using solution-phase processing of precursors yield

similar values to Cu2�xSe alloys made via conventional ther-

moelectric material processing methods.8,35–37,49 We note that

calculating the ZT of a thermoelectric material requires that all

property measurements be performed along the same direction

of the sample. This is not true in our case because our Seebeck

coefficient and electrical conductivity measurements are in-

plane measurements and our thermal conductivity measure-

ments are cross-plane measurements. However, if one assumes

that these properties are isotropic within our lms, a ZT of 0.18

can be estimated for the Cu1.83Ag0.009Se0.77S0.23 sample.

Although this is a modest value, it is important to note that the

ZT of Cu2�xSe increases with temperature and large ZT values of

1.2–1.6 are commonly observed in the 600–700 �C range.8,35–37

Consequently, future high temperature measurements on the

solution-phase processed materials in this work could be

interesting.

4. Summary

We deposited metal chalcogenide semiconductor thin lms

using soluble precursors created with thiol–amine solvent

mixtures and reported the rst thermoelectric measurements

on materials made in this manner. More specically, we

deposited and studied Cu2�xSeyS1�y and Ag-doped Cu2�xSeyS1�y

thin lms. We found that the precursor annealing temperature

affects the metal : chalcogen ratio and leads to carrier concen-

tration changes that affect Seebeck coefficient and electrical

conductivity. We also found notable improvements in both

Seebeck coefficient and thermal conductivity for our Ag-doped

Cu2�xSeyS1�y. Overall, the room temperature thermoelectric

properties of our solution-phase processed samples are

comparable to those of Cu2�xSe alloys made via conventional

thermoelectric material synthesis methods. Achieving parity

between solution-phase processing and conventional process-

ing is an important milestone and demonstrates the promise of

this binary solvent approach as a solution-phase route to ther-

moelectric materials.
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