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The optothermal properties of doped and undoped amorphous silicon-sulfur alloys have been studied us- 
ing the optothermai transient emission radiometry (OTTER) technique. The optothermal decay signal 
was found to depend on the concentration of incorporated sulfur atoms in the material. The results have 
been correlated with the density of gap-state defects induced by sulfur atoms as determined from subgap 
absorption measurements. The OTTER technique has proved to be a viable alternative method for meas- 
uring the relative densities of defect states in the band gaps of amorphous silicon-sulfur alloys. 
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1. Introduction 

OPTOTHERMAL transient emission radiometry (OTTER) is 
a recently developed technique for studying changes in the op- 
tical absorption, thermal diffusivity, and related properties of 
opaque materials (Ref 1-5). This technique is nondestructive, 
noncontacting, and is applied to the free surface of the film. It 
uses a laser pulse to excite a small volume of the sample. The 
absorbed energy is dissipated rapidly in the form of heat, caus- 
ing a steep rise in temperature at the surface, before a decay to 
ambient temperature. The changes in thermal infrared radiation 
from the material are sensed remotely using a high-speed infra- 
red detector and recorded in a transient digitizer. Least-squares 
analysis of the optothermal decay curves can be used to deduce 
material properties. In this work, the OTTER technique has 
been employed to study the properties of doped and undoped 
amorphous silicon-sulfur alloys. 

2. Theory 

The time-dependent optothermal signal, S(t), from a homo- 
geneous semi-infinite sample with negligible scattering is 
given by (Ref 2, 4): 
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where D is the thermal diffusivity of the sample, (x is the absor- 
bance for the excitation (i.e., (x = a[~,ex]), 13 is the absorbance 
for the emitted infrared radiation (Ref 2) (i.e., 13 = [~[~'em]), Xl 
and x 2 are the optothermal decay times, t is time, and erfc(x) = 
1 - erf(x), where erf is the error function. 

Attempts to use Eq 1 for decay curve analysis usually do not 
provide an accurate fit to experimental data because of the vari- 
ation of the infrared absorbance with emission wavelength and 
because of the photothermal saturation (Ref4, 5). Therefore, in 
this work an expression introduced by Imhof et al. (Ref 6) has 
been adopted to obtain a better fit to the experimental data. This 
expression is given by: 

S(t) = K2A j exp erfc + A 2 exp (Eq 4) 

where A ] and A 2 are positive coefficients, proved suitable, erfc 
is a complementary error function, and K 2 is a constant. Equa- 
tion 4 adequately represents the decay curves. The optothermal 
decay curves were analyzed using a nonlinear least-squares 
program. 

3. Experimental Details 

A schematic diagram of the conventional OTTER setup is 
shown in Fig. 1. A spectron Q-switched Nd:YAG laser and har- 
monic generator with output wavelengths of 1064, 532, 355, 
and 266 nm is used for excitation. The laser beam is directed 
onto the sample, forming an illuminated disk about 1 cm in di- 
ameter. The thermal infrared signal is collected by means of a 
f/0.5, 90 ~ off-axis ellipsoidal mirror and is detected by a liquid- 
nitrogen-cooled cadmium-mercury-telluride (CMT) detector. 
The detected waveform is captured using a Datalab DL912 
(Data*Lab, Inc., Boulder, CO) transient digitizer interfaced 
with a PC-AT computer for high-speed signal averaging of 
typically 100 excitation pulses. The average transient was 
processed following the procedure described in Ref 7. 

Journal of Materials Engineering and Performance Volume 3(2) April 1994 255 



P 

9Laser beam t 1064, 532, 355, or 266 run 

, + ,  . . . . . .  

I n f r a r e d  r a d i a t i o n  ~ 

Fig. 1 Schematic oftheOTTER setup 
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Fig. 2 Optothermal decay curves for undoped a-Si-,S:H alloys. 
(a) R v = 0.4. (by R v = 0.6. (c) R v = 0.8 

Hydrogenated amorphous silicon-sulfur alloy thin films 
were prepared by radiofrequency glow-discharge decomposi- 
tion of 5% Sill 4 + 95% He and 2% H2S + 98% He mixtures. 
Doped samples were prepared by addition of 0.1% PH3 + 
99.9% He to the gaseous mixture. Helium dilution of the reac- 
tant gases was employed for safety purposes. A capacitively 
coupled system supplied the radiofrequency power to the 
plasma. Films were deposited on Coming 7059 (Coming Inc., 
Coming, NY) glass. The process pressure was maintained at 40 
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Fig. 3 Optothermal decay curves for phosphorus-doped a-Si,S:H 
alloys for R v = 0.6. Flow rates of 0.1% PH 3 + 99.9c/~ He gaseous 
mixture: (a) l0 cm3/min; (by 50 cm3/min 

Pa (0.3 torr), and the plasma power was kept constant at 20 W 
for different films. The power density in a 20 W plasma dis- 
charge is about 110 mW/cm 2. The total flow rate was kept at 35 
cm3/min. Samples were at a constant temperature of 270 ~ 
Nondestructive optothermal measurements were carried out at 
room temperature. The deposition rate was found to be a func- 
tion of the gas flow ratio, R v = (HzS)/(SiH4). 

4. Results and Discussion 

Figures 2 and 3 show typical optothermal decay' curves for 
undoped and phosphorus-doped amorphous silicon-sulfur al- 
loys, respectively. The decay's are characterized by a fast initial 
component, which is usually associated with a homogeneous 
composition (Ret" 8). Table 1 sunmlarizes the optothermal data 
obtained from least-squares analysis using Eq 4. Fitted decay 
times calculated from such analysis were found to vary from 56 
p.s for samples characterized by' R v = 0.4 to 118 ps for samples 
with R~ = 0.8. An important feature in Fig. 2 is that the incorpo- 
ration of sulfur in the silicon matrix enhances the optothermal 
decay. Similarly. for identical sulfur content, the incorporation 
of phosphorus atoms induces a faster decay rate of the optother- 
real signal (Fig. 3). 

To elucidate the nature of this behavior, the compositional 
variation of the Urbach energy was determined from subgap 
absorption measurements. Photothermal deflection spectros- 
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Table 1 Optothermal data obtained from least-squares analysis using Eq 4 
Urbach energy and defect density data were obtained from subgap absorption measurements using the CPM technique 

I I ,  I2, Eu, Nd, 

Sample(a)  A I A2 ~as Its meV cm -'~ 

S t (a) 1.96 0.037 13.77 118 77 2 • 10 I~ 

S 2 (b) 1.98 0.050 10.22 76.5 85 4.8 x 10 I: 
S 3 (c) 2.02 0.046 7.32 56.3 94 9 • 10 le' 
PI (a) 2.09 0.013 11.65 7.51 . . . .  3.2 x 1017 
P2 (b) 2.21 0.032 3.82 233.7 ... 8.3 x 1() tr 

(a) The indicators (a), (b), and (c) refer to the curves shown in Fig. 2 and 3. 
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Fig. 4 Compositional dependence of defect density and Ur- 
bach energy for undoped a-Si:H alloys 
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copy (PDS) and constant photocurrent  method (CPM) spectra 
were analyzed to obtain the Urbach energy (Eu) and the deep 
defect density (N d) (Ref 9). The latter was determined from the 
subgap defect absorption shoulder using the same factor as that 
used from a-Si:tt  (Ref  10). Figure 4 summarizes the results of 
this analysis. In hydrogenated amorphous sil icon-sulfur alloys, 
E u rises from 62 to 110 meV as R v increases from 0 to 0.93. For 
the same change in R v, N d increases from 5 • 1016 cm -3 in the 
unalloyed material to about 5 x 1017cm 3 for R v = 0.93. These 
data are summarized in Table 1. 

The values o fN  d and E u obtained for the experimental  sam- 
ples are in good agreement with reported data on similar mate- 
rials, such as a-Si:H (Ref 9) and a-Si ,C:H (Ref 11). The data 
given in Table 1, including "r~, "~2, AI, and A-,, are found to be 
highly reproducible for various composit ions.  Values for /:u 
and N d are from CPM and PDS and are quite accurate to within 
+5 meV for E u and +_20% for N d. 

The above analysis suggests a correlation between the de- 
fect states in the band gap of  hydrogenated amorphous silicon- 
sulfur alloys and the decay rate of  the optotherrnal signal. 
Increasing the sulfur content results in a higher density of  de- 
fect states, which provides a nonradiative transition path to the 
excited carriers and consequently a faster optothermal decay 
time. 

Phosphorus-doped samples show a similar trend, The 
higher the phosphorus concentration, the faster the decay rate 
of  the optothermal signal. Previous work on doped amorphous 
silicon has shown that phosphorus introduces an additional dis- 
tribution of  defect states in the vicinity of  the conduction band 
edge (Ref  12). 

5. Conclusions 

Optothermal  transient emission radiometry is a viable tech- 
nique for characterizing relative changes in defect density in 
amorphous silicon sulfur alloys with changing element  compo-  
sition. This  technique can also be used to characterize defects in 
other amorphous networks. 
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