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GLOW DISCHARGE AMORPHOUS SILICON TIN ALLOYS 

A.H. Mahan, A. Sanchez*, D.L. Williamsont, B. von Roedern, and A. �dan 

Solar Energy Research Institute, Golden, CO 
*CIUDAD Universitaria, Mexico 

tColorado School of Mines, Golden, CO 

Abstract 

We present basic density of states, 
photoresponse, and transport measurements made 
on low bandgap a-SiSn:H alloys produced by RF 
glow discharge deposition of SiH4, R, and 
Sn(CH3)4. Although we demonstrate major changes 
in the local bonding structure and the density 
of states, the non:ialized photoresponse still 
re!'lains poor. lie provide evidence that two 
types of defect levels are produced with Sn 
alloying, and that the resultant density of 
states increase explains not only the n- to p
type conductivity transition reported earlier, 
but also the photo response behavior. Ile also 
report t!lat a-SiSn:H can be doped with P. From 
our device analysis we suggest that in order to 
i�prove the alloy perforr.iance significantly, the 
density of states should be decreased to levels 
c0111parable to or lower than those presently 
obtained in a-Si:R. 

Introduction 

Hydrogenated 8f4orphous silicon based alloys are 
of considerable interest regarding applications 
in multijunction thin film solar cells (1). 
Much work. has been reported on a-SiGe :R as a 
potential lcw bandgap material (2-4) and 
recently, several studies on a-SiSn:H have also 
been reported ( l, 5-7) • However, the electronic 
properties of both the syste!'!S generally degrade 
with alloyin15. In particular, alloy materials 
with a significant bandgap shift relative to 
amorphous silicon show an increase in the 
density of localized states (g(E)) as well as a 
decrease in the ?ho to response. !t has been 
suggested (8) that the increase in g(E) with 
alloying, especially for a-SiGe:H, arises in 
part from the preferential attachment (PA.) of 
the dangling bond terminator (R) to Si. The 
decrease in photoconductivity may be due not 
only to the g(E) increase but also to a change 
in the local bonding structure of the material, 
fr0111 predominantly 51-R bonding, in a-Si:H, to 
l!lultiply bonded H in the alloys (SiH2 , 
(9) . 

��) 
The co111111onality of the local bonding 

trends and an increase in the g(E) when 'Si is 
dloyed w1 th \'.e, Sn, and C has been noted in a 
recent paper (6); it was suggested that in these 

alloys a similar type of defect is created near 
the valence band edge, Ey; this also explains 
the n- to p-type transition. observed in a 
SiSn:R, and the trend towards p-type behavior 
that seems to exist when a-Si:H is alloyed with 
Ge or c. 

In this paper <.:e provide some evidence that 
t..io types of defec: levels are produced with 
alloying, and that the resultant increase in 
g(E) explains not only the n- to p- type 
conductivity transition reported earlier, but 
also the drastic decrease in photoresponse. 
Further, "!! report that a-SiSn:R can be doped 
With P and shows a s!gnificant change in the 
dark. conductivity. From our device analysis "!! 
suggest that in order to improve the alloy 
performance significantly, g(!) should be 
decreased to levels comparable to or even lower 
than those presently obtained in a-Si:R. 

Experimental Results 

The a-SiSn:H films discussed in the present 
study were deposited in an RF glow discharge 
apparatus using Sin4, R, and Sn(CR3)4 gas 
mixtures. The details of tbe experimental appa
ratus are g!ven elsewhere (6). Typical 
deposition parameters were 260°C substrate 
tempera titre, 300-600 mT chamber pressure, 0. l i-
0 . 33W/ c::i- RF ;iower density, and 4-30 sc:= total 
gas flow rates. 

Two expericental c.echniques have been used 
to :ueasure the g(E) in a-SiSn:H. In the first 
type of measurement, the space r.h.arge limited 
current ( SC1.C) technique Ll 0) '?s perfonued for 
films deposited in a n -i-n configuration, 
yielding state densities above the Fermi, level 
E F. In the second type of :lleasurement, 
9uhbandgao absorpt!on was measured on ...:11ms 
deposited on quart: by the phocothermal 
deflection spectroscopy technique (P�S). (11). 
In order to probe the :iature of the tocalhed 
states produced by allo�·ing, <Je have examined 
samples with small Sn content. This was done 
because any structure that rni?:ht be observed by 
SC'wC or ?OS tends to be s:neared out for larger 
Sri contents. An example of the raw data for low 
and high Sn alloy contents is shown in Fig. l, 
along ·.rlth representa:!ve data for a-Si:R. 
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?i�ure L - PDS absorption coefficient (a) versus 
excitation energy (hv), and SCLC g(E) versus 
energy (E) for A: a-Si:R; B: a-SiSn:R low 
alloy regime (2 at. � Sn}; and C: a-SiSn:R high 
alloy regime (10 at,� Sn). 

'.:e attribute the initial g(E) structure 
( :i.sing SctC technique) obset"'red at small Sn con
centrations to an increase in the dangling bond 
defect density, From the conductivity activa
tion energy 1:1easurements on these samples, this 
structure is found to be located near or 
slightly above the midgap position. Support for 
this interpretation is provided by an increase 
b the dangling bond density for both Ge and C 
alloyin.i;, (12, 13) and :neasurements on intrinsic 
a-Si:R which have located the Si dangling bond 
defect near the mid�ap position (14), 

!n order to correlate the absorption co
efficient, C1 , derived from the PDS data Id.th 
g(E), we have used the following calibration 
procedure. Nielson et, al. (15) have reported 
photoemission· results showing that heavy P 
,!.,pinit of a-Si :R creates an excess g(E) located 
a;:proxi:nately O ,4eV above E (or 1 .3 t� 9 L ,4eV -L bel�w E ) , with a peak valu� of S x 10 ev
c::i- . he !Jidth (FWHM} of this excess g(!) is 
approxir.iately 0. SeV. PDS measurements (l 6) on 
hea·1il v P doped a-Si: R have enabled a cor
re lati�n of a•lcm-1 with g(E) • tol7 eV-1 cm-3, 

7able ! shows optical, conductivity, and 
;;(E) ;iarameters for representative a-SiSn:R 
films prepared under different deposition condi
tions. The table is divirled into three series 
in order to demonstrate several trends in sample 
behavior, and includes one a-5i:S sample for 
comparison purposes. Films in series ! were 
deposited at high flow rate conditions, Id.th 
only a variation in the Sn(CR3),. gas flow, !n 
series !!, fill!lll of constant bandgap Eg are pre
sented as a function of decreasing gas flow 
rate. Finally, series III presents films 
deposited as a function of increasing RF 
power. !: should be noted that dthough the 
Eil::is presented in :he table show some photo
resoonse improvement with changes in deposition 
;iarameters ( (a I a ) changes by several orders 
of :nagnitude L.,ifl:� at measured at AMl light 
intensity), the nor:nalized nµ� photoresponse 

remains s1:1all (where n is the quantUl!I 
efficiency, µ is :he mo bility and � is the 
recombination lifetime); �herefore, the dis
cussion ld.11 focus on changes in the local 
bonding structure, and how these correlate With 
g(E) measurements. 

!n Series !, high g(E) values measured both 
by SCLC and Pr>S techniques are accompanied by 
relatively high Sn and C contents and infrared 
absorption (IR) modes indicating R multiply 
bonded to both C (2900cm-L mode indicating C'dn 
vibrations) and Si (2100, 845-890cm-l modes 
indicating SiH2 polymerization). Both types of 
ll modes have "'been previously identified in a
SiC: H films which exhibit poor photoresponse 
( L 7), That work also demonst::ated that 
inclusion of C accentuates the creation of SiH? 
polymer complexes as well as an increase in 
dangling bond density. 

!n Series U, films of constant E exhibit 
a reduced alloy (Sn ,C) content and a �eduction 
in C'H bonding !Jith reduced gas flow rate. This n change in local bonding enaoles '1 to passivate 
an increasing number of dangling bonds 
associated •.rith either Si or Sn. Accordingly, 
we see a signi!'icant decrease in the g(!) from 
SCLC measurements and some decrease in the g(E) 
as derived from ?OS measurements. 

Finally, in Series !!!, a further reduction 
in the g(E) from PDS measurements is achieved at 
higher RF power levels, and is accompanied by 
the virtual elimination of the SiHz polymer 
signature (i.e., -l �lOOT::i mode and its cor
responding R45-890cm-· doublet). !t is 
possible, therefore, t'hat the g(E) defect below 
midgap can be associated in part with SiH, local 
bondinit in the alloy. !t should be noted that 
the amount of H now singly bonded to Si, as 
evidenced by the 2000cm-l peak, has increased 
dramatically. This is consistent with an 
increased passivation of dangling bonds by H 
when the multiply bonded H in the film is 
reduced. !n these samples, SC"..C and activation 
energy measurements indicate that Ef is situated 
in a region of decreasing g(!), and therefore 
:he minimum g(E) may be lower than the SC�C 
derived g(!) values quoted in the table. 

It is '-'Orth noting that an alternative 
explanation for the origin of the g(E) defect 
below midgap can also be advanced. In spite of 
the changes, and apparent i:nprovements in the 
local bonding structure, the ?A ratio of H to Si 
versus Sn remains high. This suggests the 
existence of a sizeable defect density 
associated directly with Sn incorporation. 
Support for this interpretation is provided by 
the suggestion (18) of a localized state created 
near E by the addition of Sn to thermally v evaporated a-Si, and the identical conductivity 
behavior (n- to p-type conducti•1ity transiton) 
previously noted using different Sn source gases 
(Sn (CR3)4, SnCli) (5), 

Al though considerable improvement has been 
1:1ade in altering the local hooding structure and 
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TABLE l 

i I Deposition Cond. j I EPMA I IR I 
I p;(E) I ConductivitYj 

' 
I 

I 
I 

Sample I 
I 

Pr. c \ :'low* i I
Sn Si-a.i C-Hx PA + Power Sn Si� SCLC ¢ 

11Pos' aD OLfao 11µ.i: 
. 

Si Pos+
' 
I 

1 sccx .. - - -1 at% 
I 

2 -g 
watt mTorr at% % c.m -l - Clll V

... 
KCc:m) -u 

I i I ! eV 

I ! I I 
\Feb 10/ l I 5 32(0) 600 I ! 6.0 No I 1El6 4 4El 7 ! 2!!:-9 2500001 7E-6' 1.75 
:Feb 10/21 1 5 32(15) 600 I 8.0 2.2 9.5 2.8 1/4.S Yes i 7E-l0 3 .1 I 3E-ll. 1.6-
!Feb 10 3 32(20) 9.6 1/5.7 

!
/ 5 600 9.4 2.9 3.2 Yes i 8El7 375 4£19 1 4£-9 l.S 2£-u 1.61 

iFeb 11/t 5 32 ( 30) 600 

I 
14.S 3.3 9.1 6.7 Yes I 9El7 I 6E-� l .1 lE-101 

I 
1.50 

Feb 10/31 s 32(20) 600 9.4 2.9 

1 
9.6 3.2 1/5.7 Yes 8El7 375 4El9 I 4£-9 l.5 

I 
2£-11 1.61 

Mar 2/1 i 5 16(10) 600 R.8 1.7 11.6 2 .1 1/6.3 Yes 3F.17 130 1El9 2E-ll 30 12E-ll l .591 
I Mar R/l I 1 5 4( 5 ) 600 6.4 1.5 11.0 1.3 1/5.6 Yes I 1,51':17 220 2El9 2E-ll 56 SE-11 

1
l .6oi 

!Mar 1512 2.5 4(2) 300 I 7 .7 .! 

1 
2.0 7.2 :? 1/2 .7 Yes 

I
I 5El7 150 

I 
3£-ll 31 I lE-Ll l .64i 

'.Mar I 14/2 7.5 4(2) 300 5.7 l .2 12.4 0.6 1/9.6 No i 2£17 100 1£19 4E-12 500 5£-l l 1 .551 
Mar ls11 10 4(2) 300 4,7 1.3 18 .'i 0.5 1/10.2 No l .SiU7 30 3£18 5E-12 180 ZE-11 l .51

l Mar 21/l 15 4(2) 300 I 4.5 1.41 16.6 - 1/ 10 .S No l .5£17 

l.5£11 

I - , 2£-11 43 

1
3E-ll .51. 

1 
* The nU111bers in parenthesis represent Sn flows as measured on a liatheson 610 Rotameter scale, frOlll 0-
II 1 00. -1 The area under the 2000-2! 0x ? Clll peak enabled these values to be obtained. 

+ 
The area under th 29Q Clll pea' enabled these values to be obtained. 5 £
The units are (cm eV) 

*
• 

The 11 values are measured at an excitation energy .SeV below E . PDS g

reducing g(E) in a-SiSn:H, both near and below 
midgap, �(E) remains significantly higher than 
in a-Si: H, and the nornalized photoresponse re
mains poor. :Figure 2 shows a model for g( E) 
explaining this behavior. In par:icular, we 
identify two different types of defects 
associated with the addition of Sn, :he neutral 
dangling bond loca��d near midgap (as probed by 
SC"...C) , and a second defect- level located below 
midgap (as ;:irobed by PDS) which seems to be 
enhanced whenever SiH polymer complexes are 2 
present. The trends in deposition conditions 
which t"educe the magnitudes of these levels are 
indicated. in these alloys the ratio of below 
midgap to '!lidgap density of states (g(E
·1.4)/g(E.,)) v + 

has increased a factor of 10 
compared- to a-Si:H (19). This is consistent 
·.rich E. shifting to below midgap and a switch to 
p-type· dar� transport with increasing Sn 
incorporation; this will occur if some of the 
below "lidgap states act as acceptor levels. It 
is ;iossible to explain the decrease of the µ.i: 
products in ter�s of changes in activation 
energy, t>.E. In particular, Kirby et al. (20) 
ha•re shown that the µ• products depend on the 
position of E or on the charged nature of the f 
mid gap· states. In a-Si Sn: R, the c!ecrease in 
(µ.i:) could be due to a s.hift of Ef away from e 
the conduction band, while the S111all (µ.i:) is h 
caused by an unfavorable change from extended 
state to hopping conduction, in which case the 
mobility is expected to be much lower. 

In order to achieve an improved photo
response, we have doped the a-SiSn:H with Phos
phorous. Figure 3 illustrates the 11µ.i:, a�, and 
�::behavior �f such films having E -1.SSeV as a 
f•.inction of increased P doping. ;._ recovery of 
:he ,µ.i: ;iroduct is noted as �11 as a large in
crease in :he dark conductivity. However, the 

smallest �E. obtained upon doping is 0.42eV, 
which is larger than that obtained in a-Si :H 
doped at the same level (21). This indicates 
less efficient doping of a-Si Sn: H and is 
consistent �1th a larger DOS in this alloy. 

Some Device Asoects 

In the above discussion we have argued that 
the electronic properties of the alloys 
generally degrade with the inclusion of the 
alloying element. It is, therefore, of interest 
to consider the limits to the device performance. 
when the bandgap is altered. We consider now 
the upper limit to the short circuit current, 
J , and the open circuit vol cage, sc V 0�, in an 
amorphous semiconductor as a function or changes 
in g(E) spectra. We shall assume that geminate 

C.:induction :>and 

Valence cana 

Fiirure 2 - A schematic representation of g(t) oi 
a-Si Sn :H, as inferred from POS and SCLC 
measurements. Two types of defect · le•rels are 
noted, a dangling bond state located near 
midgap, and an acceptor state located below 
midgap. :'he trends in deposition conditions 
that reduce these levels are noted. 
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'Fisrure 3 - Ooping behavior of a-SiSn:H as a 
function of PR3/SiH4 gas ratio. The ban.dgaps of 
these films are approximately l.55eV. The 
normal:!.:ed photoresponse is :neasured at 600 f! 
with an incident photon flux of 3.4 x 10 
photons (cmZs)-1. 

r-ecombination is :tot important as see!llS to be 
the case for a-Si based alloys (22). 

Using the absorption coefficient, �. and 
the incident power, P, as a function of 
�avelength, A, the maximum short circuit current 
density, Jsc (based on collection efficiency of 
uni �y) as a fonction of Eg can be calculated. 
For ease of calculation, we approximate the AM-0 
S?ectra to 5800K black body radiation . \lhich 
yie!ds the total integrated power to be 135.7 mW 
c:::i-� The absorption coefficient can be written 
in terms of Tauc's J.aw and ·is given by,· 

2 .:t(A) • 3 (hv - E )2
g /hv (l) 

wher� 3 • 7QO 
show the 

__ evl/2 cm-1/2 (23). !n Fig. 4 , we 
J as a function of the sc bandgap E 

We .;:alculate that for E • l. 7 eV, J • 29 
-

� 
• 

em -. This reduces to �1.3 mA (cm)-!Cwen the 
spectrum 19? nonialized to an incident power of 
100 mW c::n-�, which corresponds closely to the 
AM-l incident intensity. 

7he value of V can be estimated for an 
araor?hous semiconducggr if we consider that the 
density of states spectrwn can be written in the 
for!!! 

g(E) • g Cosh {CE-E)/E h} + g 
· 

(2) min f c. o 
where the Fermi level, r.�. is assumed to be 
located at the mid gap ;iosition and Ech is the 
characteristic energy which defines the slope of 
the conduction and valence band tails. Under 
uniform generation, steady state conditions, and 
by considering the capture and emission of 
electrons, one can define a trap modulated <ermi 
function for electrons, by 

n -1 
f(E)•(Rn/(R.n�))[l+exp(E-E )/kT] (3) 

tf

wher-e for energies E>E�" the centers act pri
:i.arily as traps and for 't:<!�" 

�� 
the centers act as 
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Fi�re 4 - Short circuit current (Jsc) .assw:iing 
total collection, is plotted as a f unction of C:g 
for an incident illumination of lOOmW c:n-2 

..ith 

recombination sites. R. is defined as the ratio 
of the rate constants_ for capture of electrons 
and holes. A similar- expression can be derived 
for holes. Using the charge neutrality condi
tion and recogni:?ing that at v e• the recomobination rate is equal to the generation rate, 
then the free carrier concentrations n and p can 
be found. From "';he resulting positions of the 
quasi Fermi levels Efn and C:fp• we can deduce 
the open circuit voltage, Voe• from V0c • E:n
E:fp. 

In Fig. 5, we plot V0 as c a function of E;r• 
with varying charac�eristic energies E with gch 0 
kept constant at 10•6 -3 cm ev-1, we snould note 
that the value of V0c falls off sharply when C:ch is increased. For increasingly complex alloys, 
we expect increased posic:ional as well as 
compositional disorder, with the consequence of 
an increase in ::he width of band tails 
(corresponding to an increase in Ech). This 
"7111 increase the recombination and hence lead 
to a large drop in the V 

4 
oc. In summary, the 

results of Figs. and 5 reveal that even if we 
assume total current collection, then the 
increase in Jsc - bandgap reduction is more 
than offset by a decrease in V0 ';le also 
conclude that, based on C:his modet, 

• 

the quest 
for low g0 values is perhaps not sufficient but 
that :nore attention should also be paid to the 
extent and width of the band tails, if allQying 
techniques are to succeed. In this regard, Sn 
1:1ay have advantages over Ge, as the alloying 
eleoent since to decrease the band gap an 
equivalent amount, much more Ge is required than 
Sn. However, as is evident from the foregoing 
discussion, the electronic properties of a
SiSn:H have to be vastly i:iproved before this 
alloy can !>e considered as a •1iable · photovoltaic 
material. �e are currently developing new 

4 
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tecn�iques to deposit a-SiSn:R in different 
local �ending configurations without the 
complicating effects of C or Cl incorporation, 
and shall report on this in the near future. 
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