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BSTRACT

However, the error dependence on the reflector reﬂectivity exhibits interesting differences in
these two schemes. Under the working conditions Proposed in this paper, a non-ideal
reflector introduces a bigger temperature error in the “backside-detector” scheme than in the
“front-detector” scheme. Practical implications of these results are also discussed

DUCTION

Correct measurement of the temperature of wafers in real time is critical to RTP

pplications. When pyrometry is used, the emissivity must be measured in-situ for accurate
results. It is well known that, at hi temperatures, the wafer is opaque and one can
determine the wafer emissivity (€,,) from the wafer reflectivity (R,, ), using €,, =1 -R,,. The
wafer temperature can then be measured in-situ, as wafer radiation and reflectivity can be
measured simultaneously with ripple techniques with a single detector [1, 2]. However, at
lower temperatures (e.g., <700°C), the wafer becomes transparent, i.e, its transmission (Tr,,)
is non-zero. As a result, we have €w=1-Ry -Try, < 1-R,,, i.e., the emissivity measured by
reflection experiment alone includes an error

ssivity. Depending on the wafer temperature
and probe wavelength, such emissivity errors can introduce significant temperature errors. In
this paper, we examine, through optics mode! i
temperature measurement. Generally, the re
radiation and higher measured wafer reflection, resulting in improved temperature
measurement. In both arrangements examined below, the temperature error is reduced to zero
when the reflective surfaces are ideal.

The schematic drawings of the two arrangements are shown in Fig. 1. In both cases,

the wafer is heated from the backside, and a reflective surface with reflectivity Ry, is placed
above the wafer. In the "back-side detector" scheme (Fig. 1.(a)), the pyrometer looks at the

back-side of the wafer and measures the reflected lamp radiation in addition to the wafer
radiation from the back-side. In the "front-side detector" (Fig. 1(b)), the pyrometer measures
the radiation from the front side of the wafer only, with no reflection measurement performed.
The "front-side detector” scheme has been previously considered in applications of
temperature sensing of metal surfaces [5]. The reflections from the

are ignored in the modeling, Generally, these reflections shculd ma

surrounding the wafer more like a blackbody and thus make the emissivity error smaller

Mat. Res. Soc. Symp. Proc. Vol. 429 © 1996 Materials Ressarch Soclety




MODELING

mirror

In this simplified model, the leakage of lamp light around the edge of the wafer is
mirror neglected; and the wafer is assumed to be double-side polished. Also, the wafer and reflector
A pyrometry are assumed to be smooth enough that all the reflections between the wafer and the reflector
detector are specular. A detector wavelength bandwidth wide enough to avoid the interference effects
between the wafer and the mirror has been assumed. Only light rays normal to the wafer

surfaces are considered (1-D model). In experiments, this condition can be approximately
waler realized by adding a focused collimating lens in front of the detector.
wafer We will use the following notations:

packside
€w = wafer emissivity;

Ry = wafer reflectivity;
I YaYaYaraye Tr,, = wafer transmission;
7 lamps €off = effective emissivity of wafer in the presence of the reflector;

Reff = effective reflectivity of wafer in the presence of the reflector;
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Fig. 1(b) Schematic drawing of the ¥m :nt;};e vt,z(}eercttiev;\tg;fa ﬁi ereﬂ ector (mirror);
lamps . J - n !
front-side detetor” scheme. I'= true wafer temperature,
AE = emissivity error;
Fig. 1(a) Schematic d:}‘;ving of the AT = temperature error = true temperature - measured with inaccurate emissivity.
"back-side detector” scheme.

As alluded to earlier, the "back-side detector” scheme with no reflectors, using the
ripple technique to measure the wafer reflection, works well at high temperatures, when the
wafer is opaque. At low temperatures (<700°C) and a wavelength > 1.3 pm, the approach
suffers because the wafer is no longer opaque. In this case, placing a reflective surface on the

top of the wafer as shown in Fig. 1(a) will increase both the measured radiation and the
measured reflectivity of the back-side of the wafer. The measured radiation increases because
some of the radiation from the front-side of the wafer is reflected back through the wafer.
Likewise, the measured reflectivity also increases since some of the light transmitting through
the wafer will be reflected back through the wafer.

Obviously, the presence of the reflector increases the radiation measured by the
detector. In fact, the measured radiation includes the radiation from the wafer surface facing
the detector, and that from the other side of the wafer reflected back by the reflector. The
first term is proportional to €. Since all reflections between the reflector and the wafer are
3 specular, the second term can be found to be proportional to % €y. The ig'ﬁ—T—%L

'i term results from multiple reflections, such as in the Fabry-Perot irlnnter‘gerence calculatin(;n; The

Emissivity, etc

effective reflectivity (Re¢ ) can be calculated in a similar way. Thus, the effective emissivity
(€eff ) as measured by the detector and the effective reflectivity (Regs ) are:
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wafer is not opaque. Since the reflectivity can be measured with the ripple techniques, the
wafer is lightly doped, double-side polished, with a thickness of effective emissivity can then be measured in-situ. However, when the reflector is not ideal, or,
is 2. 8 -
0.65 mm. The probe wavelength is 2.5 pm Rm <1, such a method will introduce an error term A€ = 1-R - €gff = -;R—R%—Trw . Aswe
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will see in the next section, at low temperatures (400 - 500°C), the resulting temperature error
can be very sensitive to the quality of the reflector.

The effective emissivity of the wafer—reflector system in the “front-side reflector”
scheme can be found in a very similar way. We assume that the effects of the presence of the
pyrometer on the reflections will be negligible, and that the reflector is cold. Due to the
multiple reflection between the wafer and the reflector, the measured radiation increases with
the addition of the reflector. It can be shown that

Eefft = TR, Ry’ ®)

If the wafer is opaque and the reflector is ideal, or, Try, =0, Rm =1, we have a very
simple result: €q¢ = 1. Under these conditions, the emissivity can be known without
Rw(l—Rm)

1-RyRp
Compared with the “back-side detector” scheme, the advantage of this scheme is obvious: it
does not need the reflection measurement. The disadvantage is that to have the wafer
opaque, the wavelength must be restricted to be short (~ 1.0 um) at low temperatures. When
the lamp interference is negligible, it has been demonstrated that pyrometry measurements at
1 pm can be performed down to 400°C {6].

In the next section, we will numerically calculate the temperature error due the
emissivity error as the reflector reflectivity deviates from unity. For practical considerations,
the pyrometry wavelengths will be different for the two schemes. For the “back-side
detector” scheme, the reflectivity will be simultaneously measured by ripple technique. Thus,
along pyrometry wavelength (2.5 um) is chosen to improve the signal /noise ratio at low
temperatures (400°C - 500°C). For the “front-side detector”, it is required that the wafer be
opaque. Thus, a short pyrometry wavelength (1.0 pm) is chosen. In calculations for both
cases, the same silicon wafer is used: 0.65 mm thick, lightly doped. The emissivities for such
silicon wafers are converted from the experimental d. ta on lightly doped silicon crystals with
a thickness of 1.77 mm {4].

additional reflection measurement. When Ry, <1, we have an error term Ag =

RESULTS AND DISCUSSIONS

Fig.3 (a) shows the emissivity error of a 0.65 mm thick silicon wafer versus the
reflector reflectivity in the "back-side reflector” scheme. The pyrometry wavelength is 2.5 pm.
I£ the actual wafer temperature is assumed to be 420°C, the emissivity error (A€) increases
from 0 to 0.15 as the refiector reflectivity decreases from 1.0 to 0.8. Similar calculations were
also performed for various wafer temperatures. From these emissivity errors, the temperature
errors (AT) were found by calculating what effects the emissivity error would have on a
pyrometry measurement at a given % and T. The results are shown in Fig. 3(b). Itis interesting
to note that when the mirror reflectivity is close to 1, AT is nearly proportional to 1-Rpy. In
addition, AT increases as wafer temperature decreases, when the wafer becomes more
transparent. Overall, these results indicate that the temperature error is quite sensitive to the
reflector quality. For example, as R drops to 0.8, for a wafer with a thickness of 0.65 mm
and a temperature of ~500°C, a temperature error of 20°C will occur if 1 - Regf is used as the
true emissivity. Given Rm, AT depends on the true wafer temperature as well as pyrometry
wavelength.

The results for the “front-side detector” scheme are shown in Fig. 4. Fig.4 (a) shows
the emissivity error of the wafer versus the reflector reflectivity. The pyrometry wavelength is
1.0 um. In this case, the wafer is opaque. As a result, the emissivity error A€ is independent
of the wafer temperatures. For R between 0.8 and 1, the absolute values of emissivity error
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Fig. 3(a) Emissivity error vs. the
reflector reflectivity in the "back-
side detector" scheme for various
temperatures. wafer temperatures.

Reflector reflectivity Rm

Fig. 3(b). Temperature error vs.
reflector reflectivity in the "back-
side detector" scheme, at different

Pyrometry wavelength = 2.5pum. Pyrometry wavelength = 2.5um.

AE€ are larger than those as measured with the “ i
e “back-side detectar”
over 520°C, and are smaller at temperatures lower than 47(;’2‘(‘ or! scheme at temneratures

Fig.4 (b) shows the temperature erro; i
) st : r AT at various wafer tem tu
reflector reflectivity deviates from 1.0 to 0.8. It is interesting to note tf\i;ain :ﬁs“s’z‘::nt\}e\ethe

temperature error is slightly bi ot
at low temperatures (482}(\)% -lgogng)v,ht?\'; ?mwafﬂ temperature is higher. More interestingly,

5 T 4 erature error AT “

side d } ) as measured from the front-
. T e is much smaller than at from the "back-side detector” schem Thi
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Erval < =a by two reasons. First at low t °C - o
emissivity measured in the “back-side detector” scheme isw mlexxcnhpse:atllll;f s':}E:rZ\OugiWSO“?hgl tt}f\\ea'

::\e; }“’ef 6rgtht}e‘ front-side detector” scheme is very close to unity. For example, at 420°C
Meanwhile. the :ne\i';‘;f:;"“}’ measured in these two schemes is 0.16 and 0.91, resl:;ectivel)’.
than that in the “ front-sigee;re(t’:c(&?f measured in the “back-side detector” scheme is larger
considerabl t etector” scheme. Thus, the relative error of emissivity AE/€ is
detemfil;\aes {hi“t‘:il‘e;e lr: “ﬂ:e ef::::;tz%e %thectc‘;r" scheme. It is A€/g, rather than A€, that

y 5 . Second, i i
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detector” scheme (1.0 um). 1t foll
Ae/e, AT s oeger ot o Tc;n)ger wav:‘lne,xs\ g:\m the formula of black-body radiation that given

Overall, the above results indicate that 1)
. the presence of a reflector in both sch
improves the measurement accuracy of wafer emissivity and temperatﬂureo ;ilgl:\if?canstfy,‘e ;)l t::\e

foa‘ﬁ:‘;%f":eeﬂn:;zi:i% :ggrtte}!:};zl:m measurement of silicon wafers is quite sensitive to the
scheme works in long wavelengths (2.5 ns proposed in this paper, the “back-side detector”

short , pm), while the “front-side detector” scheme works in
assum“;;};e;:nvgvt}}“\.scﬁ\l::g\) atntd g;/es sma!ler AT. These conclusions are drawn under idealized
of idealistic a’ssum & yﬁ 0 be tested in real systems. For example, in addition to a series
detector” scheme tﬁ tl)ns isted in the previous section, it is assumed that in the “front-side
detector only dot e t;mp light is completely blocked at the edge of the wafer so that the

y detects the wafer radiation. Despite these simplifications, we believe that our
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Fig. 4(a). Emissivity error vs. the
reflector reflectivity in the "front-
side detector” scheme.
Pyrometry wavelength = 1.0pm.
Results are independent of
temperatures.

Reflector Reflectivity Rm

Fig.4 (b) I'emperature error vs.
reflector reflectivity in the “front-
side detector” scheme, at
different temperatures.
Pyrometry wavelength

=10 HUm.

results are of practical relevance for the development of real RTP systems and clearly have
demonstrated the importance of the reflector quality.

CONCLUSION

In two temperature measurement schemes, the measured emissivity errors (A€) and
temperature error (AT) of silicon wafers are calculated under idealized conditions through
optics modeling. These errors are found to be very sensitive to reflector qualities. Given a
non-ideal reflector, the “front-side detector” scheme gives smaller AT. Practical implications
are also discussed. Support from SRC is gratefully acknowledged.
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