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Abstract

Copper indium disulfide (Culn$ films were deposited by aerosol-assisted chemical vapor deposition (AACVD) from a single-source
precursor (SSP), (PRRCu(SEtyIn(SEt). Various deposition parameters were explored to understand how they affect the crystallography,
stoichiometry, and morphology of the deposited films and the quality of fabricated solar cells. Parameters explored included the deposition tem-
perature, location of substrate within CVD reactor, precursor concentration in toluene carrier solvent, and post-deposition annealing in a S-rich
atmosphere. CulnSilms have been fabricated into complete solar cells with the top-down composition of Al/ZnO:F/CdS/Morgbass
and the efficiency of 1.0% under simulated AMO illumination.

Published by Elsevier B.V.
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1. Introduction ated[3]. The 1.45eV direct band gap of CulniS near ideal
for single junction devices in AMO illuminatiof] and has

Low temperature (<400C) deposition techniques forthin  yielded cells conversion efficiencies as high as 11[5%
film photovoltaic devices are of interest to enable the use without the concerns for the toxicity of Se.
of lightweight, flexible substrates. Such devices provide a  We have synthesized organometallic single-source precur-
higher power-to-weight ratio and significant cost savings sors (SSPs) for chemical vapor deposition (CVD) to supply
compared to current technologies. The National Aeronau- the required elements for chalcopyrite thin films at temper-
tics and Space Administration (NASA) is particularly inter- atures below 400C [6]. The deposition of CulnSfilms
ested in thin film technologies due to low launching costs, with good optical, morphological, and electrical properties
deployment and stowage options, radiation hardness, andvia aerosol-assisted CVD (AACVD) of SSP has been previ-
potentially mission enabling benefits of such technologies ously demonstrate@—10]. However, further optimization of

[1]. this deposition process is required to improve film properties
The alloys of Cu(In,Ga)(S,Sghave shown particularly ~ and cell performance.
high potential as thin film photovoltaic absorber lay;:3] AACVD is a common technique for achieving the advan-

and Cu(In,Ga)Sebased solar cells with conversion efficien- tages of both metal-organic CVD (MOCVD) and spray py-
cies as great as 19.2% in AM1.5 illumination have been cre- rolysis. AACVD offers benefits of a low temperature solution
reservoir, as found in spray pyrolysis, and a uniform confor-
_— mal film deposition with gas-phase precursors, as found in
* Corresponding authors. Tel.: +1 216 433 3540 (M.H.-C. Jin)/+1 216 MOCVD technique$11].

(A.F. Hepp).
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from SSPs and some characterization of the AACVD processtemperature to 120C and the deposition zone temperature
[9,12], this paper seeks to further understand the depositionto a temperature between 450 and 580 and flowing Ar
processes. The crystallographic, stoichiometric, and morpho-through the reactor tube at a rate of 10 mL/min. The reactor
logical characteristics of CulnSilms created in a variety of ~ ramped up to annealing temperatures from room temperature
deposition parameters have been studied and have been usealer 0.5h and post annealing cooled to room temperature
to better optimize the AACVD deposition process. over 1 h. The anneal durations was recorded from when the
substrate reached the set temperature to when it started cool-
ing and ranged from 15min to 17 h. Occasionally, anneals
were performed in an excess of sulfur vapor. The sulfur was
added via a sulfur powder filled crucible to the downstream
CulnS films were deposited by AACVD from a SSP, side of the evaporation zone.
(PPH),Cu(SEtyIn(SEty. The precursor was prepared as  Optimization of this deposition procedure involved multi-
previously reported elsewhef&,13]. All moisture- or air- ple parameters. Parameters manipulated in this study include
sensitive procedures were performed under Ar in a glove the (1) temperature of the deposition zone, (2) location of
box or with standard Schlenk techniques. The precursor the susceptor within the reactor tube, (3) concentration of the
(1.5-3.59g) was dissolved into distilled toluene (50—-400 mL) precursor within the solvent, and (4) post-deposition anneal-
and fed into the nebulizer via a syringe pump. A Sonaer Ultra- ing. The effects of parameter variations were shown in the
sonics 2.4 MHz nebulizer atomized the precursor and solventresulting Culn$ film properties.
mixture and the aerosol was swept into the reactor via Arcar-  CulnS films were characterized by scanning electron mi-
rier gas at a flow rate of 4 L/min. As shownfig. 1, the setup croscopy (SEM, Hitachi S-3000N), energy dispersive spec-
includes an atmospheric pressure, hot-wall horizontal reac-troscopy (EDS, EDAX), profilometry (Dektak II), X-ray
tor with a warm evaporation zone and a hot deposition zone, diffraction (XRD, Philips X’pert), and UV-vis transmis-
similar to that reported elsewh€fi& 10]. sion spectroscopy (Perkin-Elmer Lambda-19). Transmission
As substrates, glass slides (Fisher catalog no. 12-550 A)spectroscopy and EDS data were obtained from film/glass
were cut to approximately 9mm by 76 mm and partially sections of the upstream edge of each sample because the
coated with Mo using a radio-frequency magnetron sputter. upstream Culngfilms were generally smoother and denser
Small sections of each substrate were masked during Mo de-than the downstream sections. The film thickness for smooth
position so that Culngglass could later be characterized. films was determined by examination of the interference pat-
After Mo deposition, the substrates were placed on a suscep-tern of the transmission spectroscopy data as described by
tor within the CVD reactor tube for CulnSieposition. The  Swanepoe]14]. Well-adhering Culngfilms were etched in
susceptor was solid graphite coated with SiC and modified toa 1.5 KCN solution and fabricated into solar cells with the
accommodate three substrates side by side at & dbdie top-down composition of Al/ZnO:F/CdS/Culp®lo/glass,
above horizontal, as shown ig. 1 The use of a susceptor  as reported by Jin et gl15]. Device properties were deter-
in a reactor tube creates a variation between the ‘upstream’mined by the examination of current versus voltage charac-
and ‘downstream’ end of each substrate. The upstream end iseristics obtained under simulated AMO illumination.
closer to the evaporation zone and the bottom wall of the re-
actor tube while the downstream end is deeper within the de-
position zone and closer to the axial center of the reactor tube.
Some deposited CulnSfilms were subjected to post- 3 1. Fiim variations
deposition annealing. The annealing procedure consisted of
placing the substrate and susceptor back into the deposition CulnS film morphologies were controlled by the depo-
zone of the CVD reactor tube, setting the evaporation zone sition parameters to be (1) a smooth, shiny, dense film with

2. Experimental

3. Results and discussion

Argon inlet
SSP
To cold trap 0O o 0 ¢ o 0O 0o 0 o o
and scrubbers +—— Dz EZ
e eSS
TC O 0 0 ©C O ) TC
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=

Fig. 1. Diagram of hot-wall aerosol-assisted chemical vapor deposition reactor. Shown are the single-source precursor and solvent (SSR)yeaerssol o
and solvent (A), nebulizer (N), evaporation zone (EZ), deposition zone (DZ), substrate and susceptor (SS), and thermocouples (TC). The pesition of t
susceptor within the deposition zone is indicated by the variable
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100 ton energies less than the 1.45 eV band gap for this smooth,
dense film. The film thickness and index of refraction has
80 been calculated through examination of the interference pat-
] tern[14] to yield values of 1.2 and 2.46m, respectively.
604 SEM images of the observed deposition morphologies

are shown inFig. 3. Fig. 3@) shows a rough CulnSilm

with greater porosity and larger features than the smooth
CulnS films, as shown irFFig. 3(b). Rough films were de-
posited in a more diffusion-limited regime with high porosity
while smooth films were deposited in a less diffusion-limited
regime with smaller grain size and higher film density. Ev-

- . idence implicating these deposition rate-limiting factors is

0.6 0.|8 1?0 1.I2 1.|4 1.6 1.8 . . . .
Incident Photon Energy (€V) given in the following sections.

40 -

Transmission (%)

20 A

Fig. 2. Graph of transmission through Cupfm on glass slide vs. energy 3.2. Deposition zone temperature

of incident light. . .
The deposition zone temperature was varied between 350

and 425 C. The temperature variations altered the CgInS

bluish tint and excellent adherence or (2) arough, dull, highly film stoichiometry Fig. 4(a)) and crystalline orientation
porous, dark black film with poor adherence. A gradual tran- (Fig. 4(b)) while not significantly affecting the deposition
sition exists between these deposition regimes where GuinS rate §ig. 4(c)).
films with hazy, patchy, and/or gray appearance were created. As shown inFig. 4a), EDS measurements indicate that

The downstream section of a substrate is more likely to increasing deposition zone temperatures yield increased S
be porous and adhere worse than the upstream sections dueontent in the deposited films. The ratio of Cu-to-In con-
to variations in the concentration boundary layer through the tained in the deposited films varies between 0.79 and 0.98,
reactor tube. As the precursor concentration in the Ar car- with the maximum occurring at 39%. No precursor residue
rier gas decreases along the reactor tube, the thickness ofvas identified within the CulngSfilms, implying a clean
the concentration boundary layer increases and the reactiordecomposition of the precursor into the building block for
is encouraged to exist in a more diffusion-limited state. The the Culn$ films at all deposition zone temperatures ex-
precursor must diffuse through the boundary layer to interact plored. Deposited films were closest to stoichiometric when
with the substrate, which is a longer distance at the down- deposited at 39%C.
stream end of the substrate compared to the upstream end of Further, the crystalline structure of the deposited CpInS
the substrat§l6]. film was affected by the deposition zone temperature. The

Rough surface morphologies commonly occur in two common crystalline textures of Culn8ims are (112)
diffusion-limited reactions. Any variation in a substrate tex- and (220)/(204). Decreased series resistance was reported
ture results in a non-uniform concentration boundary layer for cells obtained from CulnSabsorbers with a (11 2) crys-
across the substrate. A small protrusion existing on a flat talline orientation compared to those with (22 0)/(2 0 4) ori-
substrate in a diffusion-limited deposition will experience a entation18]. As shown in the XRD data dfig. 4(b), the de-
greater precursor diffusion rate and consequently grow fasterposition temperature affected the crystalline structure such
than the flat substrate regions. This cycle in diffusion-limited that deposition temperatures around 385produced the
depositions encourages film roughness and high film porosity most preferred (1 12) orientation compared to both higher
[17]. and lower deposition temperatures.

Characteristic transmission spectroscopy data are pre- Ata precursor delivery rate of 1.6 g/h, the film deposition
sented irFig. 2 The thin film interference is evident for pho- rate was not regularly affected by the deposition tempera-

Fig. 3. SEM images of CulnSfilms. Film morphologies include (a) porous, rough, black films and (b) smooth, shiny, dense films.
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< E 67 \ feed rate of the precursor into the reactor and the gas-phase
=6 5 \ density of the precursor within the reactor tube. The Ar car-
5 & 4 u rier gas flow rate, nebulizing rate, and reactor setup also
% £ 3] ‘ affect the precursor feed rate and gas-phase precursor den-
x 5] n sity, although these variables were held constant throughout
[ this study.
14 . . . L
) e ——— By increasing the concentration of precursor within
(b) 340 350 360 370 380 390 400 410 420 430 toluene, the Culng deposition becomes less diffusion-
18] limited and resulting films change from highly porous and
16 rough to smooth and dense. As showrtig. 5, the precur-
E i sor in toluene concentration does not noticeably affect the
£ il stoichiometry of the deposited films.
£ 124
€ 10 ' + } 3.4. Susceptor and substrate location
¥ ]
S 84 . . .
2 5 Variations in the location of the susceptor have been stud-
é ] ied at a substrate temperature of 3@5 As shown irFig. 6,
2 4 the location of the susceptor did not significantly affect the
2 elemental composition of the deposited film; films were near
0 stoichiometry regardless of tested susceptor location.
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Fig. 4. Graphs of deposition temperature vs. (a) elemental composition, (b) 50 ~-
crystalline orientation, and (c) deposition rate for Cuylfiins with a pre- 1
cursor feed rate of 1.6 g/h. The error bars in (c) are the result from calculated s 45 '
film thickness from transmission spectroscopy interference paftbths :% 404 B’ s
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ture throughout the explored temperature range. As shown in 8 ]
Fig. 4(c), the film deposition rate was #22 nm/min regard- < 304
less of deposition temperature. This shows that the deposition : A A A
rate was not limited by the thermal energy for the reaction 25'_ i S e
and the deposition rate was not reaction-limited. 20 : : :

T T
2.0 2.5 3.0 3.5

T
4.0 4.5 5.0
Susceptor Location

3.3. Precursor concentration in carrier solvent

(inches towards warm zone)

Variations in the concentration of the SSP within toluene Fig. 6. Graph of elemental composition of CuptBin films vs. the susceptor

carrier solvent have been explored through the range of ocation within the deposition zone. The location of the susceptor is indicated
0.005-0.04 mol/L. The precursor concentration affects the by the variable, as shown in Fig. 1.
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The location of the susceptor does influence the morphol-
ogy of the deposited films. As the susceptor was moved to-
wards the evaporation zone, the deposited film became denser
and has better adhesion as a result of the varying concentra-
tion boundary layer through the reactor tube. Moving the
susceptor towards evaporation zone exposes the substrate to
a reduced concentration boundary layer that results in a less (204y/(220)

diffusion-limited reaction, throughout the range explored. 1 /‘”0)"00(;‘31) e
] ‘~ 13) | o)
/|
3.5. Post-deposition annealin 1 N \ |
P g e o

1 I

Post-deposition annealing was shown to beneficially af- . . . . \WI““/ > : :
fect the Culn$ film elemental composition and crystalline 10 20 30 40 50 60 70
structure. During a 5 h, 58 anneal without the inclusion 20 (degrees)
of S, a Culng film's elemental composition of S, In,and Cu ) ) ] ]
changed from 51.5, 24.5, and 24.0, respectively, to 51.0, 260*(@?&3@3;?:: gL?%CIIiL ;(_RD diffraction patterns from (A) as deposited and
and 23.0%. However, by annealing for 5 hat 580n a S-rich
atmosphere the Culn$ilms elemental composition of S, In,

112)

Intensity (a.u.)

14

and Cu changed to 52.0, 23.5, and 24.5%, respectively. Al- ] I, =46mA
though these changes in elemental composition were withina = 121 |V°° : ;0899”;\;
typical standard deviationr{5%) of the analysis of EDS data g L] Vo =18imv
without a reference sample, qualitatively consistent compo- £ | P =526mW
sitional changes were observed for anneal profiles of various 2 8- :f ffeo'ii’;
length and temperature. For the film annealed under S-rich § ] Area ;0:370:”2
atmosphere, the precipitation of copper sulfide phase wasnot £ Gj

detected by XRD and there was no clear signature of com- é 4

positional change after etching in a 1.5M KCN solution for 3 1

1 min. A higher Cu-to-In ratio is preferable for Culnf9] 2‘_

and increased S content passivates S vacancies that are unde- 0 : : : : : ,
sirable n-type dopanf{&0]. Thus, annealing in the presence 0 5 100 150 200 250 300 350
of S beneficially changes the elemental composition of the Voltage (mV)

CulnS film.

The crystalline structure of Cula$hin films often shows
two polymorphs, chalcopyrite and meta-stable sphalerite, dif-
fering in the degree of order for the Cu and In atoms within was fabricated from a separate smooth and dense guinS
the zinc-blende structure. The ordering of the Cu and In can film that was not annealed; its efficiency is 0.92%. These
be identified through characteristic XRD diffracting peaks cells show that annealing may improve cell performance, but
and peak splitting which are only observed for the more or- annealing is not mandatory to achieve electrical response to
dered chalcopyrite structuf@l]. Post-deposition annealing  illumination.
of CulnS films increased the ordering of the Cuand Inatoms ~ The low cell efficiencies were likely caused by the combi-
within the crystalline structure and the structure became morenation of a high series resistance and a low shunt resistance.
ordered chalcopyrite. Confirmation of the chalcopyrite struc- The high series resistance could be the effect of poorly func-
ture was seen most clearly from a film annealed at"&3for tioning individual layers or poor contacts between the layers.
5h (the longest anneal attempted at 58 in a S-rich Ar The low shunt resistance is likely due to a leaky junction
atmosphere, as shownfig. 7. The (10 1) and (21 1) diffrac-  between Culngabsorber and a CdS layer.
tions, respectively, at 17°2%nd 37.3 are particularly clear,
as the peak splitting in the (200)/(004) and (116)/(312)
diffractions at 32.2/324and 54.8/55.9, none of which can 4. Conclusion
exist in the pure sphalerite structure.

Fig. 8. Culn$ solar cell characteristics.

CulnS films were deposited via AACVD at low tem-
3.6. Solar cells peratures (<400C) from a SSP, (PR Cu(SEtyIn(SEt).
CulnS films were modified by the control of various de-
The solar cell efficiency achieved so far from our AACVD position parameters, including the deposition temperature,
deposited Culngabsorber is 1.03%, as shownkig. 8 The susceptor location, and precursor concentration. Deposition
CulnS film in this cell was smooth, dense, and annealed at control has produced films with two distinct morphologies,
450°C for 17 h in an S-rich Ar atmosphere. A second cell varying in density, adhesion, smoothness, and color. Addi-



DTD 5

tionally, post-deposition annealing in S-rich Ar atmosphere
enhanced CulnSfilm stoichiometry and crystalline struc-

ture. EDS analysis indicated that as-deposited and annealed

films were near stoichiometric. XRD analysis showed clear
chalcopyrite indicative diffractions for sulfur-annealed films.
Devices fabricated from the Culp@bsorbers deposited at
395°C, have efficiencies above 1.0%.

Acknowledgements

The authors gratefully acknowledge NASA for financial
support cooperative agreement, NCC3-947. We also wish to
thank Mr. David Scheiman from Ohio Aerospace Institute
for his assistance with the solar simulator at NASA Glenn
Research Center.

References

[1] D.J. Hoffman, T.W. Kerslake, A.F. Hepp, M.K. Jacobs, D. Pon-
nusamy, Proceedings of the AIAA 35th Intersociety Energy Conver-
sion Engineering Conference, Las Vegas, NV, July 2000, p. 670.

[2] J. Klaer, 1. Luck, K. Siemer, R. Klenk, D. Braunig, Proceedings of
the 28th IEEE Photovoltaic Specialists Conference, Anchorage, AK,
September 2000, p. 559.

[3] K. Romanathan, M.A. Contreras, C.L. Perkins, S. Asher, F.S. Ha-
soon, J. Keane, D. Young, M. Romero, W. Metzger, R. Noufi, J.
Ward, A. Duda, Prog. Photovolt: Res. Appl. 11 (2003) 225.

C.V. Kelly et al. / Materials Science and Engineering B xxx (2004) XXX—XXX

[4] W. Schockley, H.J. Queisser, J. Appl. Phys. 32 (1961) 510.

[5] J. Klaer, I. Luck, A. Boden, R. Klenk, I.G. Perez, R. Scheer, Thin
Solid Films 431/432 (2003) 534.

[6] K.K. Banger, M.H.-C. Jin, J.D. Harris, P.E. Fanwick, A.F. Hepp,
Inorg. Chem. 42 (2003) 7713.

[7] K.K. Banger, J.A. Hollingsworth, J.D. Harris, J. Cowen, W.E. Buhro,
A.F. Hepp, Appl. Organometa. Chem. 16 (2002) 617.

[8] J.A. Hollingsworth, K.K. Banger, M.H.-C. Jin, J.D. Harris, J.E.
Cowen, E.W. Bohannan, J.A. Switzer, W.E. Buhro, A.F. Hepp, Thin
Solid Films 431/432 (2003) 63.

[9] J.A. Hollingsworth, A.F. Hepp, W.F. Buhro, Chem. Vapour Depos.
5 (1999) 105.

[10] J.D. Harris, K.K. Banger, D.A. Scheiman, M.A. Smith, M.H.-C. Jin,

A.F. Hepp, Mater. Sci. Eng. B 98 (2003) 150.

[11] T.T. Kodas, M. Hampden-Smith, Aerosol Processing of Materials,
Wiley—VCH, New York, 1999, p. 537.

[12] J.A. Hollingsworth, Ph.D. Thesis, Washington University, 1999.

[13] K.K. Banger, J. Cowen, A.F. Hepp, Chem. Mater. 13 (2001) 3827.

[14] R. Swanepoel, J. Phys. E 216 (1983) 1214.

[15] M.H.-C. Jin, K.K. Banger, C.V. Kelly, J.H. Scofield, J.S. McNatt,
J.E. Dickman, A.F. Hepp, Proceedings of the Space Photovoltaic
Research and Technology Conference, #####, September 2003.

[16] T.T. Kodas, M.J. Hampden-Smith, The Chemistry of Metal CVD,
VCH, New York, 1994, p. 470.

[17] C.H.J. van den Brekel, Philips Res. Rep. 32 (1997) 118.

[18] K. Siemer, J. Klaer, I. Luck, D. Braunig, Proceedings of the 28th
IEEE Photovoltaic Specialists Conference, Anchorage, AK, Septem-
ber 2000, p. 630.

[19] S. Siebentritt, Thin Solid Films 403/404 (2002) 1.

[20] H.Y. Ueng, H.L. Hwang, J. Phys. Chem. Solids 50 (1989) 1297.

[21] J. Alvarez-Garcia, A. Perez-Rodriguez, A. Romano-Rodriguez, J.R.
Morante, L. Calvo-Barrio, R. Scheer, R. Klenk, J. Vac. Sci. Technol.
A 19 (2001) 232.



	Parametric study on non-vacuum chemical vapor deposition of CuInS2 from a single-source precursor
	Introduction
	Experimental
	Results and discussion
	Film variations
	Deposition zone temperature
	Precursor concentration in carrier solvent
	Susceptor and substrate location
	Post-deposition annealing
	Solar cells

	Conclusion
	Acknowledgements
	References


