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In Situ Temperature Measurement by Infrared Absorption for 
Low-Temperature Epitaxial Growth of Homo- and Hetero- 
epitaxial Layers on Silicon 

J. C. STURM, P. V. SCHWARTZ and P. M. GARONE 

Department of Electrical Engineering, Princeton University, Princeton, N.J. 08544 

The use of infrared transmission to measure silicon wafer temperature in a lamp-heated 
susceptor-free reactor is described. The relevant temperature range is 400 to 800 ~ C, 
and the accuracy is on the order of a few degrees centigrade. The method is then applied 
towards the growth of silicon and silicon-germanium alloy layers on silicon substrates. 
For silicon-germanium layers typical of those used in heterojunction bipolar transistors, 
no change in absorption compared to that of the silicon substrates is observed. 
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I. INTRODUCTION 

A goal of many researchers in the epitaxial growth 
field is the development of low-temperature (<800 ~ 
C) epitaxial growth processes on silicon. In this 
temperature range the growth rate of chemical va- 
por deposition (CVD) processes is usually controlled 
by surface reaction processes, with the result that 
the growth rate is a strong function of temperature. 
Typical silicon activation energies of -2.0 eV give 
an order of magnitude change in growth rate from 
700 to 800 ~ C. In the case of Sil_xGex alloy films on 
silicon, in addition to growth rate, temperature will 
also affect the final composition. 1 The change in film 
thickness and composition will affect the critical 
thickness for strain stability, which in turn will 
strongly affect the defect density in the final film 
and interfaces. 2 

One approach to such low-temperature growth in- 
volves the use of lamp heating and no susceptor as 
is common in rapid thermal processing. 3 In this rapid 
thermal processing or Limited Reaction Processing 
(LRP) approach, temperature measurement is dif- 
ficult since there is no susceptor from which the 
temperature may be measured with a thermocouple 
(assuming ideal thermal contact between the sus- 
ceptor and the wafer). In such susceptor-free reac- 
tors, one typically would use a pyrometer to mea- 
sure the temperature, usually at 5 ftm (to avoid 
interference from the tungsten halogen lamps used 
to heat the wafer) for work in the 600 ~ C range. 4 
This in practice has two significant drawbacks which 
make it difficult if not impossible to obtain an ac- 
curate measure of the absolute temperature. First, 
quartz is opaque at 5/~m, and special windows are 
required to view the wafers. This is inconvenient 
when conventional quartz reactor tubes are used. 
Second, accurate knowledge of the temperature re- 
quires knowledge of the emissivity. In the 400 to 
800 ~ C range, silicon emissivity is a strong function 
of temperature, wavelength, 5 doping, surface layers 
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such as field oxides, etc. In this paper a new non- 
invasive optical approach to silicon temperature 
measurement is described, and then applied to- 
wards the epitaxial growth of silicon and silicon 
germanium alloys on silicon substrates. The method 
relies on the temperature dependence of the in- 
frared absorption of silicon. 

II. INFRARED ABSORPTION IN SILICON 

Infrared absorption in silicon can proceed in gen- 
eral by two processes: band to band absorption and 
free carrier absorption. Band to band absorption is 
an indirect process in silicon, and hence requires 
phonons, whose population is a strong function of 
temperature due to Bose-Einstein statistics. Fur- 
ther, it is well known that the bandgap in silicon is 
a decreasing function of temperature ( E  G ~ 1.12 eV 
at 25 ~ C, 0.96 eV at 400 ~ and 0.80 eV at 
800 ~ C). e Therefore one expects a strong increase in 
band to band absorption with increasing tempera- 
ture for wavelengths near the bandgap. The free 
carrier concentration in silicon is also a strong func- 
tion of temperature since the bandgap decreases with 
temperature. For example, the intrinsic carrier con- 
centration (n~) is 2 x 1017 cm -3 at 600 ~ C and greater 
than 1018 c m  -3 at 800 ~ C. 6 Therefore, for moderately 
doped substrates (<1017 cm -3) one expects a strong 
temperature dependence of free carrier as well as 
band to band absorption. 

We have adapted a quartz-walled system for rapid 
thermal CVD for the in situ measurement of in- 
frared transmission at 1.3 and 1.55 /~m (Fig. 1). 7 
Semiconductor lasers are modulated and coupled into 
an optical fiber, whose output is then focussed 
through a hole in the reflector walls onto the wafer. 
A detector under the wafer detects the transmitted 
signal through another hole in the reflector walls. 
Two key points for this technique are (1) lock-in 
amplifiers are used to recover the transmitted sig- 
nals independent of any lamp interference or in- 
frared emission by the wafer itself, and (2) the 
transmitted signal at any temperature T is always 
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Fig. 1 - -  Schematic of the  Limited Reaction Processing chamber  adapted for in si tu infrared t ransmission measurement .  

normalized (divided) by the room temperature sig- 
nal for that  wafer. Since moderately doped wafers 
have negligible absorption at room temperature, the 
room temperature signal depends only on factors such 
as laser power, detector efficiency, scattering from 
the rough wafer backside, surface reflection, etc. 
Since it is easily shown that  these factors all have 
negligible temperature dependence, the normalized 
signal t(T) depends only on optical absorption, and 
one curve (Fig. 2) should describe all wafers of sim- 
ilar thickness. In Fig. 2, squares and triangles rep- 
resent data measured in the chamber of Fig. 1. The 
temperature was measured by a thermocouple in- 
tegrally welded to the wafer. The circles represent 
independent data of absorption measured in a spe- 
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Fig, 2 - -  Optical t ransmission divided by room tempera ture  
t ransmission a t  1.3 and 1.55 ~m at  elevated tempera ture  for a 
450-?tin thick wafer (p-type, 20-50  ohm-cm). 

cially adapted conventional furnace where the tem- 
perature was measured by conventional thermocou- 
ple techniques. The two sets of data are in good 
agreement, giving confidence in the results. As can 
be seen, the higher energy photons (1.3 ;~m) have 
higher absorption as would be expected from band 
to band absorption. Further  work is needed to de- 
termine how heavy substrate doping affects these 
curves. 

III. A P P L I C A T I O N  TO EPITAXIAL 
GROWTH 

When growing silicon in the reaction-rate limited 
regime, temperature control on the order of a few 
degrees centigrade is required for accurate control 
of the film thickness (e.g. 5%). The required sensi- 
tivity and laser stability can be found from the slope 
of t(T) in Fig. 2. For example, at 750 ~ C, one degree 
resolution requires detecting a 3% relative change 
in the 1.5 pm signal, easily done with simple elec- 
tronics. Near 600 ~ C, one degree resolution would 
require under 1% relative resolution on the 1.55 pm 
signal, but only 4% resolution on the 1.3 ftm signal. 
Therefore, for highest resolution it is advantageous 
to operate at the shortest wavelength that  gives a 
detectable signal. Over the range of 500 to 800 ~ C, 
temperature resolution on the order of one degree 
is indeed possible. Indeed, the biggest problem to 
date is the calibration of the absolute temperature 
scale in Fig. 2 due to thermocouple uncertainties 
(typically 1%). No dependence of the transmission 
on the process gases (typically 6 Torr of hydrogen 
and 60 reTort of dichlorosilane) has been observed. 

The optical transmission through a wafer de- 
pends on the wafer thickness, which changes during 
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epitaxial growth. The thickness dependence of the 
transmitted signal will then limit the application of 
this technique to epitaxial growth. Because of the 
rough wafer backside and extra absorption, multi- 
ple internal reflections may be ignored, and one may 
model the thickness dependence of transmission by 
a single e -~" ~ term, where a is the absorption coef- 
ficient and d is the wafer thickness. Using this re- 
lationship, Fig. 3 shows the expected effect of a + /  
-50/~m change in the transmission through a 450 
/~m wafer. Over the complete temperature range of 
interest this causes a + / - 1 2  ~ C error in extracted 
temperature, assuming no correction for the thick- 
ness change is made. Therefore, the growth of less 
than 5/~m of epitaxial silicon would cause less than 
a one degree change in inferred temperature. Using 
a wafer with a welded thermocouple for tempera- 
ture measurement, we have measured normalized 
transmission vs temperature before and after the 
growth of 2 ftm of epitaxial silicon. As expected from 
the above argument, the normalized transmission 
was indeed unchanged within the repeatability of 
our system (a few degrees). We now use this method 
routinely for the growth of all epitaxial silicon sam- 
ples in our reactor at 800 ~ C or less. At present, our 
upper temperature limit of 800 ~ C is due to the small 
signal received by the detector. Higher tempera- 
tures will require increased laser power (currently 
- 1  mW), improved detection electronics, reduced 
scattering from the wafer backside, or switching to 
a wavelength with lower absorption. Although many 
(greater than 50) process runs are possible without 
visible deposition on the quartz tube, according to 
the above thickness arguments, wall deposition on 
the order of microns should have little affect on the 
technique, especially if this thickness changes little 
during the growth cycle for a single wafer. 

As explained earlier, an important motivation for 
our work is the growth of Si~_~Ge~ structures on sil- 
icon. In this case temperature control is even more 
important than in the case of silicon growth be- 
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cause the growth temperature affects the film com- 
position for fixed gas flows. For example, the same 
gas flows that yield a composition of Sio.77Geo.23 at 
625 ~ C yield a composition of Sio.s7Geo.13 at 700 ~ C. 1 
Changes in germanium fraction can exponentially 
affect the equilibrium critical layer thickness for 
misfit dislocation formation. For layers grown 
metastable beyond the equilibrium critical thick- 
ness, the amount beyond the equilibrium critical 
thickness is a driving force for misfit dislocation 
propagation. Further, the kinetics of relaxation 
(dislocation nucleation and propagation) are strong 
functions of temperature. 

Since Sil_=Gex alloy films have a bandgap lower 
than that of silicon, for a given epitaxial layer 
thickness, higher absorption would be expected than 
for a silicon film, making the 5/~m upper thickness 
limit of silicon homoepitaxy overly optimistic for this 
heteroepitaxial case. However, the current main 
application of Sil_=Ge~ alloys is as the base layer in 
heterojunction bipolar transistors (HBT's). In such 
structures, 30% and 50 nm appear to be reasonable 
upper limits for the germanium mole fraction x and 
layer thickness, respectively. To test the usefulness 
of the absorption technique for temperature mea- 
surement of such structures, normalized transmis- 
sion was first measured on a silicon substrate with 
a welded thermocouple used for absolute tempera- 
ture measurement. 54 nm of Sio.67Geo.33 was then 
grown on both sides of the wafer (total thickness 
108 nm). The transmission vs temperature was 
measured again, using the same normalization value, 
with the results shown in Fig. 4. The two sets of 
points (before and after SiGe growth) are the same 
within the error of our measurements. Therefore one 
may use optical absorption (with silicon absorption 
calibration) for the growth of Si~_xGe~ with less than 
33% Ge and less than 108 nm thickness. The upper 
limits of allowable germanium fraction as a func- 
tion of thickness have not yet been determined. 

Z 
O 
p 

O9 
~0 

0 . 1 -  
Z 
< 
rc  
I-- 
f:3 
uJ 
N 

0.01 - < 

n- 
O 
z 

0.001 
4O0 

d ~ 4 5 0 / ~ m  4- 50 /~rn 

/ ?  
A T  ~ 2 3  ~  / \ 

I I I I I I I I I I I I I I I I I I I 
500 600 700 800 

TEMPERATURE (~ 
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IV. CONCLUSION 

A new technique for the in-situ measurement  of 
temperature during epitaxial growth on silicon has 
been described and demonstrated. The technique 
relies on the temperature dependence of infrared 
absorption, and offers a method to measure silicon 
wafer temperature from 500 to 800 ~ C, with an ab- 
solute accuracy on the order of a few degrees. No 
knowledge of emissivity is necessary. The method 
also is well suited to the growth of silicon-germa- 
nium alloy layers on silicon for heterojunction bi- 
polar transistor applications. 
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