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Abstract 

Self-powered ·smart' windows for active control of building heating and cooling represent a potential new market for 
amorphous-silicon based photovoltaics. Retrofit applications to existing windows are facil itated by the tandem 
photovoltaic-electrochromic (PV-EC) device. in which a wide-gap amorphous silicon-based alloy (a-SiC:H) photovoltaic 
cell is deposited together with an EC optical transmiuance modulator in a monolithic coating on a single substrate. In this 
paper, studies of transparent wide-gap a-SiC:H thin-fil ms and p-i-n cells designed for use in the PV -EC device are 
described. Using optimized a-SiC:H i-layer material, J,c of 3.9 mA/cm2 and Vo.: of 0.92 V is achieved, adequate to color 
our low-voltage Li-based EC devices in less than one minute, and good progress toward the required transparency is shown. 

1. Introduction 

Self-powered, smart windows are a potential new 
a-Si :H based photovoltaic (PV) application. A vari­
able transmittance window coating. operated as part 
of an intelligent building energy management sys­
tem, can provide substantial total energy savings 
(1-3]. These windows utilize an electro-optic modu­
lator based on electrochromic (EC) thin films that 
exhibit well-controlled and reversible changes in op­
tical absorption under low applied voltages. 

Current proposals call for a connection to an 
external power source, either a battery at each win­
dow or low-voltage wiring throughout the building. 
However, simulations show that a building energy 
management system can be highly effective when 
constructed from independent, smart components (4]. 
This system replaces centralized intelligent control 
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with distributed smart components. each reacting to 
local occupant and energy management require­
ments. The monolithic, tandem PV -EC device (5], 
being self-powered, can be an important component 
in such a system [4}. In this paper, we describe 
progress toward a tandem PV -EC device composed 
of a wide-gap amofphous SiC alloy (a-SiC: H) PV 
cell and an all solid-state EC device based on Li­
doped W0 3. 

Since its discovery in 1969, electrochromism in 
transition metal oxides has been studied [6]. Still, the 
fundamental mechanism of the change in optical 
properties remains controversial [7-10]. For device 
engineering. however, a simple phenomenological 
model suffices. The features of an EC material (e.g. 
WO) that are important for EC device operation are 
that (1) a reversible insertion-phase compound is 
formed with small, mobile ions (e.g. Li +) and (2) 
each ion inserted induces an optical absorption cen­
ter (II , 12]. Thus. by inserting and extracting Li + , the 
optical absorption of a wo3 film can be continu-
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Fig. l. Schematic structure of the proposed monolithic photo­
voltaic- electrochromic device. 

ously and reversibly varied. Transport of Li + in and 
out of a wo3 film is balanced by an equal but 
opposite electron current as given by the reversible 
reaction 

W03 + xe - + xLi+ +-+ LixW03 , 

which converts transparent W03 into optically ab­
sorbing Li .rW03 and back again. The concentration 
of Li +, x, determines the absorption coefficient of 
the Li xW03 film and thus the transparency of the EC 
device. The internal chemical potential of Li + in the 
W03 film is also determined by X, while the total 
exte~nal Li + chemical potential is the sum of the 
internal chemical potential and any applied electro­
static potential [ 13]. 

The upper half of Fig. I shows our EC device 
structure. The EC layer (W03 ) is joined by MgF2 to 
an ion storage layer (V20 5), which accommodates 
Li + but does not change color. The MgF2 layer 

Table I 

conducts Li + ions but is otherwise electrically insu­
lating. A voltage bias applied to the Sn02 contact 
layers shifts the Li + chemical potential balance be­
tween the W03 and V2 0 5 layers, causing u + flow 
and a change in the coloration state of the device 
[13]. In the tandem PV-EC device, this potential is 
supplied by the PV cell integrated with the EC 
device, as shown in Fig. L 

The PV cell in the PV -EC tandem device must 
have the following features: (1) sufficient trans­
parency in the visible to allow an acceptable total 
window transmittance in the bleached state; (2) an 
open-circuit voltage (V0 ) large enough ro shift the 
Li + chemical potential balance in the EC device into 
the opaque state; and (3) a short-circuit current (Jsc) 
adequate to achieve EC coloration in a reasonable 
time (minutes). For the new, low-voltage EC devices 
we are developing [14], this means Voc > I V and 
J"" > 0.1 mAjcm2

. For good visible transparency 
and color fidelity, we estimate that a cell transmit­
tance of 70% at photon energies below 2.4 eV will 
be required. 

2. Experimental procedures 

We prepared intrinsic a-SiC:H samples and p-i-n 
cells in a single-chamber radio-frequency (rf) diode 
glow-discharge reactor. The intrinsic samples were 
deposited from SiH4 and CH4 with varying H 2 

dilutions. The hydrogen dilution ratio (H 2 flow to 

Intrinsic a-SiC:H deposition conditions, carbon contcm. and selected electronic and optical properties 

ID SiHJ CH 4 H2 Power Pressure £,. urh o-ph/ud 
# (seem) (seem) (seem) (W) (Torr) (cV) (nSjcm) (x 104 ) 

I 45 0 0 0.4 0.6 2.16 12000 19 
2 40 10 0 0.4 0.6 2.25 8200 130 
3 20 20 0 0.8 0.7 2.36 420 2.8 
4 10 40 0 0.4 0.6 2.58 1.7 >4.6 
5 5 10 75 0.8 2.5 2.40 77 18 
6 3 12 75 0.8 3.0 2.43 61 4.8 
7 0.75 3 75 0.8 3.0 2.14 960 35 
8 0.75 3 75 1.6 3.0 2.21 740 25 
9 1.5 20 86 0.8 3.0 2.59 1.6 > 3.8 

10 0.75 10 89 0.8 3.0 2.38 4.3 > 2. 1 
II 0.75 10 89 0.8 3.0 2.41 4.5 > 1.5 



SiH 4 plus CH 4 flow) ranged from 0 to 20. and the 
CH .~ to SiH.~ ratio from 0 to 14. The substrate 
temperature was varied from 160 to 300°C. The rf 
power was varied from 0.4 to 1.6 W. Table I shows 
the deposition conditions used. Samples were de­
posited simultaneously on Corning 7059 glass and 
crystalline sil icon substrates. 

We determined sample thickness and growth rate 
by step profilometry. We define the 'semi-trans­
parency' gap, £,., as the photon energy where the 
absorption coefficient is 5 X I 0 4 em- 1

• (At this 
energy. approximately half the photons are transmit­
ted through a 1000 A fi lm.) We calculated the 
semi-transparency gap, E81 • from optical transmis­
sion spectra. We measured the dark conductivity 
( ucJ) and the 1-sun photoconductivity ( uph) at room 
temperature with parallel. coplanar Cr contacts. 

In the p- i- n cells. boron-doped a-SiC: H was 
prepared from 0.6 Torr total pressure of SiH 4 , CH .~. 

and 3% trimcthelboron (TMB) in He, at flow rates of 
25. 50 and 7 seem. respectively. The substrate tem­
perature was 250°C and the rf power was 0.4 W. 
This material is the a-SiC:H p-layer typically used as 
a window-layer in our standard a-Si:H solar cells and 
has £,1 :::: 2.4 eV and a room-temperature conductiv­
ity of 1.2 X 10- 6 Sjcm. The n-layer was a micro­
crystalline silicon layer also adopted from our stan­
dard a-Si: H cells. Its deposi tion parameters were 
SiH4 and 3% PH 3 in He at 0.9 and 0.8 seem. 
respectively. with 90 seem H 2 d ilution, at 3.0 Torr, 
200°C, and 1.5 W. This material has a room-temper­
ature conductivity of 63 Sjcm. The i-layer material 
( #5 in Table I) was selected from the set of a-SiC:H 
depositions as described below. 

We fabricated thin film PV cells on textured Sn0 2 

tin oxide coated Coming 7059 glass. The cell struc­
ture was ~lass/Sn02/ I OO A p-layer/ 1500 A i­
layer /250 A J.LC- n-layer / Pd. We measured the cur­
rent- voltage (J- V) characteristics of the cells under 
1-sun illumination through the glass substrate. The 
tran!>parency of the cell. without a Pd back contact. 
was evaluated by transmission spectroscopy. 

We tested the electrical compatibility of the PY 
and EC devices by placing them side-by-side under 
1-sun illumination with external electrical connec­
tions. This configuration simulates the monolithic 
device shown in Fig. I, but with external electrical 
connect ions. The changes in the white light transmis-
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Fig. 2. Semi-transparency gap, £,,. as a fu nction of H 2 dilution 
ratio. Crosses indicate samples with no 1-1 2 dil ution and various 
C H 4:SiH.a ratios. Filled points indicate those with non-zero H2 

di lution. 

sion of the EC device were monitored with a short­
circuited Si photodiode behind the EC device. We 
measured the voltage and current supplied by the PY 
cell and simultaneously the transmittance of the EC 
device as a function of time after the two devices 
were connected. 

3. Results 

Table I shows the results of the optical and 
electrical measurements on the set of intrinsic films. 
Fig. 2 shows the semi-transparency gap as a fu nction 
of the hydrogen dilution ratio. Fig. 3 shows the 
transmission spectrum and 1-sun ./- V curve for the 
cell fabricated with an i-layer of the target material 
(# 5). The cell has a Jr.c of 3.9 mAjcm2

, a fi ll-fac­
tor of 0.58, and an V:)C of 0.92 Y. Its transparency is 

Photon Energy ( e V) 

Fig. 3. Optical transmi~sion spectrum and 1-sun J - V characteris­
tic of the transparent PV cel l u~ing the target a-SiC:H i- laycr 
material. 
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Fig. 4. White light transmission through an EC device and the 
swi tching voltage supplied by the a-SiC:H PV cell under 1-sun 
illumination as a function of time as the EC device is colored. The 
EC transmission is cut by about 50% by the use of a thin Au top 
contact instead of transparent Sn02 . 

between 30% and 40% at long wavelengths (below 
2.0 eV). With white-light back illumination, it ap­
pears pale yellow-orange. 

Fig. 4 shows the voltage and transmission tran­
sients for the side-by-side bench test of PV and EC 
integration. The EC device is described elsewhere 
[14). When the electrical connection is completed, 
the EC device transmission drops within one minute 
to about half its bleached-state transmittance, while 
the voltage required to achieve this coloration re­
mains below 0.87 V. The coloration current is re­
lated to the PV voltage by its J-V characteristic as 
shown in Fig. 3. 

4. Discussion 

For films without hydrogen dilution, the semi­
transparency gap increases from 2.16 to 2.58 eV and 
the photo-to-dark conductivity ratio drops from 1.3 
X I 06 to 2.8 X I 0 4 as the methane fraction in­
creases. For samples grown with hydrogen dilution, 
£ 81 is well correlated to the hydrogen dilution ratio, 
with a weak dependence on the methane-to-silane 
ratio. In this regime, samples with widely varying 
methane-to-silane gas-flow ratios, but the same hy­
drogen dilution, produce comparable optical gaps. 

Several samples had semi-transparency gaps near 
our target of 2.4 eV: Samples 3, 5, 6, 10 and 11. As 
these samples were deposited with widely varying 
deposition conditions, the photoconductivities of 
these samples ranged from 4.3 X J0- 9 to 4 .2 X 10- 7 

Sjcm and the photo-to-dark conductivity ratios var­
ied from at least 1.5 X I 0 4 to 1.8 X 105. Because of 

its semi-transparency gap of 2.40 eV and good 
photo-to-dark conductivity ratio of 1.8 X 105

, we 
chose sample 5 as the candidate i-layer material for 
the transparent PV cell. 

The ceU transparency is good below 2.0 e V, 
although still less than our target of 70%. There are 
undoubtedly many contributions to the excessive ab­
sorption of the PV ceiL An important source of this 
absorption is our use of textured Sn02 substrates, 
which causes significant undesirable light trapping. 
Above 2.0 e V the absorption is also much larger than 
desired. The i-layer material is semi-transparent at 
2.4 eV. but is too thick. Another possible source of 
the significant cell absorption between 2.0 and 2.4 
eV is the un-optimized p- and n-layers. 

5. Conclusions 

We have fabricated semi-transparent PV cells for 
use in monolithic PV -EC devices. The long wave­
length transparency of our best cell remains below 
our design target. Transparency will be improved by 
incorporating thinner cell layers and more transpar­
ent, lower haze Sn02 • In addition, the large blue 
absorption in the cell, not found in the i-layer mate­
rial, suggests that improvements in the doped layer 
transparencies are needed. 

The Voc of this cell is close to our 1.0 V target. 
The J,c, however, is at least one order of magnitude 
larger than our target. Given the excessive absorption 
in the cell, we will try to trade off the excess current 
for increased transparency in future cells. 

A side-by-side bench test of the electrical compat­
ibility of our PV and EC devices showed that we can 
achieve good coloration with good switching speed 
with voltages well below J V. Thus we fully expect 
that a monolithic PV-EC device will function simi­
larly. 

Acknowledgements 

The authors thank Richard Crandall, Ed Tracy 
and Satyen Deb at NREL for helpful discussions. 
This work was supported by OER/BES Advanced 
Energy Projects of DOE under contract No. DE­
AC36-83CH 10093. 



References 

[ I ) W .A. Bartovics. Masters Thesis. MIT ( 1984). 
[2) S . Selkowitz and C.M. Lampert, in: Large-area Chromogen­

ics: Materials and Devices for Transmittance Control, ed. 
C.M. Lampert (Optical Engineering Press-SPIE. Bellingham. 
W A, 1990) p. 504. 

(3) S. Reilly, D. Arasteh and S. Selkowitz. Solar Energy Mater. 
22 (1991) I. 

(4) O.K. Benson and H.M. Branz. Solar Energy Mater. 39 
(1995) 203. 

[5) H.M. Branz. R.S. Crandall and C.E. Tracy, Patent No. 5 377 
037. Midwest Res. lnst. (1994). 

[6) S.K. Deb. Appl. Opt. Suppl. 3 ( 1969) 193. 

1167 

[7] S.K. Deb. Philos. Mag. 27 (1973) 801. 
[8) G. Hollinger. T.M. Due and A. Deneuville, Phys. Rev. Lett. 

37 ( 1976) 1564. 
[9) R.S. Crandall and B.W. Faughnan. Phys. Rev. Leu. 39 

(1977) 232. 
[10) O.F. Schirm~r. J. Electrochem. Soc. 124 (1977) 749. 
[II ) B.W. Faughnan, R.S. Crandall and P. Heyman. RCA Review 

36 ( 1975) 177. 
[12] R.D. Rauh and S.F. Cogan, J. Electrochem. Soc. 140 ( 1993) 

378. 
[13) J.N. Bullock and H.M. Branz. SPIE: Optical Materials Tech­

nology for Energy Efficiency and Solar Energy Conversion 
(1995). 

[14) C. Bechinger, private communication ( 1995). 




