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In situ temperature control of molecular beam epitaxy growth
using band-edge thermometry
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Band-edge thermometry is becoming an established noncontact method for determining substrate
temperature during molecular beam epitaxy. However, with this technique thin-film interference
and/or absorption in the growing epilayer can cause shape distortions of the spectrum that may be
interpreted erroneously as real temperature shifts of the substrate. An algorithm is presented that
uses the width of the spectrum to correct for apparent temperature errors caused by interference and
absorption in the epilayer. This correction procedure is tested on substrate temperature data taken
during the growth of an=930 nm resonant cavity, where the apparent substrate temperature
oscillates*5 °C during the growth of the mirror stacks. These oscillations are reducexB ttC

using the correction algorithm. A recently developed model for the substrate temperature dynamics
in molecular beam epitaxy shows that roughtyl °C of the remaining=3 °C temperature
oscillations are real. Band-edge thermometry is also used to control the substrate temperature to
within =2 °C during the growth of near-lattice-matched InGaAs on InP, whereas the same growth
under constant thermocouple temperature would result in a 50 °C rise in the actual substrate
temperature. ©1998 American Vacuum Socief$s0734-211X98)09103-3

[. INTRODUCTION The two fitting parameters, and\ , are independent of the

absolute intensity of the spectrum and can be used to deter-

As the physical dimensions of semiconductor devicesmine temperature. The asymptotes of EH. are shown in

have become progressively smaller and device designs prgnlg_ 1, as line 1Y) and line 2(which has slopen,). The

gressively more sophisticated, the requirements for Comr%tersection of these two line, , which defines the loca-
over the fabrication processes have become more stringeqF '

: . . 2 tion of the band edge, will henceforth be referred to as the
Substrate temperature is a critical parameter in determlnlngloOSition of the knee.” The curvature or sharpness of the

the qualit_y and composition of deposited layers in mole_cularbend in the spectrum at the knee determings which is a
beam epitaxy(MBE). Recently, several noncontact optical measure of the width of the spectrum. Hencefokthwill be
methods that infer substrate temperature from the band 99ferred to as the “width of the knee X, is related to the

(or band edggeof the substrate material have been developed ) I - . :
The common implementations of band-edge thermometr;?and gap energfor absorption-edge positipmndi, is re

X ated to the Urbach paramet@r absorption-edge widit

are diffuse reflectance spectroscogPRS),'? specular P o P 9 I

reflectanc€, and transmission spectroscoby. In these

methods the temperature of the substrate is inferred from the

band edgdi.e., the onset of transparencyf the substrate. ||. EXTRACTING TEMPERATURE FROM THE

To determine the temperature accurately, a spectral signatuBAND-EDGE SPECTRUM

is needed that can be related to the position of the band edge, ] )

and hence, the temperature. In band-edge thermometry, substrate temperature is typi-
In the work described in this article we determine thecally inferred from the position of the spectrum using a pre-

temperature of the substrate from the knee redisolid viously determined calibration curve. Since the position of

circles of the band-edge spectrum shown in Fig. 1, as dethe band-edge spectrum depends on the physical properties

picted by the solid circles on the plot of reflectance versu®f the substraté;’ one has to make a separate calibration

wavelength. The knee region of the spectrum is characterizegHrve for each set of wafers with a different thickness or a

by a fit to the following expression, which has an asymptoticdifferent back-surface texture, even though the substrate ma-
linear behavior away from the knee: terial is identical. Therefore, a more general way to get tem-

perature from the spectra is needed.
For direct-band-gap semiconductor materials such as
1+ex;{ (A_)‘k)”_ (1) GaAs and InP, that have an exponential absorption ¢oige
Na Urbach edgg® the relationship between the position and the
width of the knee of a calibration wafer and the position and
dCorresponding author; electronic mail: shane.johnson@asu.edu the width of the knee of the measured substrate is givéfi by

Y=Yot My, In
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0.10 . ' the right-hand side of Eq3) can be rewritten as a linear
function of the position of the knee of the measured sub-
0.08l strate:
apd
| 0
g Aﬁa:)\k—Aﬂkk—M)'n(W)
go.06f 0
o
e Asymptotic functi —CJ3.60 3= As(A— A 4
FO Bty o3 Bham AN h2)] @
£ for GaAs and InP\; and\, are on the order of km, and
Q \ o A; andA, are on the order of 0.05.
Knee Position . . . .
0.02 (1035.1 nm) . In practice, the interpretation of band-edge spectra is fur-
ther complicated if the spectrometer used to record the spec-
Line 1 tra fails to fully resolve the shape of the spectrum in the
S ' ion of the k is th ith iall ilabl
1000 1020 1040 1060 1080 region of the knee, as is the case with commercially available
Wavelength (nm) band-edge thermometers. Atrtificial broadening of the spectra

reduces the ability of the third term of Eq®) and (4) to
Fic. 1. lllustration of a fit of an asymptotic function to the knee region of the adjust for spurious shifts in the position of the knee. There-
diffuse reflection spectrum, showing the position of the knee in the spec- . . . '
trum. fore, in order to extend the correction term in H) to
instruments with less than ideal resolution, an adjustable
multiplicative constantCg, is used to scale the correction
[see Eq(4)]. Cs=1 in the ideal case and it can be increased
)\Ea' 2 to compensate for any reduction in coupling between the
e (2 width of the knee and the position of the knee when the
. ) instrument resolution is below the critical value needed to
In Eq. (2), Eg is _the Urbach pa}rameteéor quth of the ab-  (esolve the band edge of the substrate.
sorption edgk d is substrate thickness, aag is 1 for trans- Equation(4) relates the position and the width of the knee
mission measurements and 2 for diffuse reflection measuresf the measured substrate to the position of the knee of the
ments. (Diffuse reflection is equivalent to double-pass cajibration wafer. Using this relationship, substrate tempera-

transmissiorf) The termaod accounts for any differences in tyre can be obtained directly from the previously determined
optical path length inside the substrate. The superscript cgjibration curve, as follows:

designates parameters that describe the calibration wafer.

1 1 E

Ne A he

)\aaod
N| —Cal_calycal
Nagd

_ | |
Linearizing Eq.(2) (neglecting the higher-order terms in T=T+ TN+ T )
\a) and using the relationship 3§=\{Eo/hc,"*we get  |n Eq. (5), T,, T, and T, are fitting parameters that are
\2E, agd determined experimentally. Since the energy shift in the
)\°a':)\k— he In P —3.e[>\a—>\gaj_ 3 band gap is proportional to the phonon occupation, which is
0

typically linear in temperature for temperatures above room
The second term in Eq3) corrects for differences in the temperaturé;*®a linear fit is usually sufficient when the po-
position of the knee caused by differences in the optical patisition of the knee is given in terms of energy. Similarly, in
of the reference and measured substrates. Since the absofgrms of wavelength, a second-order fit is usually sufficient.
tion edge is exponential, this correction is given by the natuHigher-order fitting parameters can be added to(Bpwhen

ral logarithm of the ratio of the optical path lengths. Thethe shift of the band edge is less than ideal.

third term in Eq.(3) corrects for spurious shifts in the posi-

tion of the knee that may be caused by any of the foIIowmg”L SUBSTRATE TEMPERATURE DURING THE

factors: (1) thin-film interference;(2) absorbing overlayers;
(3) variations in light scattering at the back of the substrate;GROWTH OF A 930 NM RESONANT CAVITY

(4) higher-order effects of the optical configuration used to In structures such as quarter-wave mirror stacks, thin-film
determine the band edgé5) time-dependent variations in interference can have a large effect on the shape of the spec-
the signal from the band edge caused by anisotropic scattetrum. To test the validity of the correction algorithm derived
ing during substrate rotation; arfé) nonuniformities in the above, ax=930 nm distributed Bragg reflectébBR) reso-
optical response of the wavelength selective detectiomant cavity, comprising a ten period 65.4 nm thick GaAs by
system’8 In each of these cases a shift in the position of the77.8 nm thick A} o§Gay o,AS quarter-wave stack on each side
knee toward lowerhighep energies is accompanied by an of a 261.6 nm thick GaAs cavity is grown. This structure is
increase(decreasgin the width of the knee. grown on a radiatively heated 50 mm diam semi-insulating
In Eqg. (3), )\ﬁEolhc and 3.&?' are linear functions of GaAs substrate, in a Vacuum Generat®/§) V80OH MBE
N\, and are approximately equal. The linearity of these twosystem. Substrate temperature is controlled by holding con-
functions arises from the fact that the width and the positiorstant the temperaturg66 °Q of the thermocouple located
of the band edge are linear functions of temperature abovbetween the substrate heater and the substrate in the V80H
room temperaturé.Therefore, to first order in, and Eg, sample manipulator.

JVST B - Microelectronics and Nanometer Structures
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Fic. 2. Oscillations in the position and the width of the knee of the diffuse 0 50 100 150 200

reflectance spectrum during the growth of a ten-period distributed Bragg Time (minutes)

reflector pair with an=930 nm resonant cavity. For clarity, the cavity struc-

ture is drawn behind the data. Fic. 3. Substrate temperature inferred from the knee region of the diffuse

reflectance spectrum during the growth ofA&930 nm resonant cavity
structure on semi-insulating GaAs. In the uncorrected curve, temperature is
inferred from the position of the knee of the spectrum. In the corrected

The width and the position of the knee of the diffuse curve. temperature is inferred from both the position and the width of the
. . .knee of the spectrum.

reflectance spectra taken during this growth are shown in
Fig. 2. To put this data in perspective, the resonant cavity
structure is superimposed over the data, where the shaded
layers are GaAs. Growth began at 0 min and ended at 208.4 The substrate temperature increases abruptly by about
min. During this time, interference effects cause the positioré °C at the start of growth, when two Ga cells are opened.
and the width of the knee of the spectrum to oscillate. DuringThe first cell(Gal contributes a GaAs growth rate of 14.7
growth, the peaks and valleys of the interference fringe speaam/min, while the second cellGa2 contributes a GaAs
trum move through the knee region of the band-edge spegrowth rate of 0.3 nm/min. The Ga2 cell remains open dur-
trum, broadening and narrowing this region of the spectruming the entire growth and supplies the Ga component of the
As the structure thickens, the interference fringes get closeil odGa o AS layers. The initial sharp rise in temperature is
together, increasing the distortion of the knee region of theaused by the additional heat load on the substrate due to
spectrum. The result is a general increase in the amplitude e&diant energy from the Ga cells. Since the growth is done
the oscillations with structure thickness. Initially, the inter- under constant thermocouple temperature, it appears that the
ference fringes are broad, and affect the knee region of thhermocouple is insensitive to this additional heat load.
spectrum in a linear manner. Consequently, the position and The substrate temperature stays constant during the
the width of the knee oscillate in phase. However, during thegrowth of the first GaAs layer. At the end of the GaAs layer
latter part of the growth the fringes become narrow, andgrowth, the Gal shutter is closed and the Al shutter is
affect the knee region of the spectrum in a nonlinear mannegpened(AlAs growth rate of 14.7 nm/min It is interesting
which causes the position and the width of the knee to oscilto note that since no sudden temperature changes are ob-
late out of phase. This eventually reduces the effectiveness akrved at the GaAs—AlGaAs interfaces, the heat load of the
the correction algorithm in Eq4). Al cell and the heat load of the Gal cell are roughly the

The temperature of the substrate as determined using DR&me. During the growth of the first AIGaAs layer the sub-
during the growth of the resonant cavity is shown in Fig. 3.strate cools as the emittance of the substrate increases with
The curve labeled “uncorrected” is the temperature given bythe addition of the lower-index AlGaAs layer. The thermo-
the calibration curvéEq. (5)] when using the position of the couple appears to be insensitive to these changes, however,
knee in the measured spectrum. The curve labeled “corbRS correctly senses the drop in the true substrate tempera-
rected” is the temperature given by the calibration curveture. During the growth of the remainder of the first mirror
when the position of the knee is adjusted for variations in thestack the substrate temperature fluctuates around an average
width of the knedsee Eq.(4)]. For clarity, the DBR cavity temperature of about 613 °C.
structure is drawn in the background of Fig(shaded areas During the growth of the 261.6 nm GaAs cavity the sub-
are GaAs$. The oscillations in the uncorrected temperaturestrate temperature increases significantly, and at the end of
are a result of thin-film interference distortion of the band-the GaAs cavity the temperature is about 3 °C higher than
edge spectrum, and to a lesser extent, are a result of periodige initial GaAs growth temperature. During the growth of
variations in emission properties of the substrate. In the corthe top mirror stack the substrate again cools, reaching an
rected temperature, most of the spurious temperature shiftererage temperature of about 615 °C for the rest of the
caused by thin-film interference have been successfully regrowth. This new average temperature is about 2 °C higher
moved by the correction algorithm. than that of the first mirror stack. During the growth of the

J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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second mirror, the temperature oscillatidater correction InGaAs Layer Thickness (nm)

are larger than in the first stack. In this case, the increase is 500 ? g 1%0 230 820 o
not real, as the effectiveness of the correction algorithm is doher a1 SE1ET Power
reduced by the fact that the position and width of the knee HHI HI‘ H || HH ]HH” ‘ H ‘ ‘

are now slightly out of phase. At the end of the growth, the 460+ Thermocouple Set Point and Temperature
substrate temperature abruptly drops by about 5 °C when the<
two Ga shutters are closed.

The two major trends observed in the substrate tempera-
ture during the growth of the DBR cavity structure are the
decrease in temperature with the growth of AlGaAs on thick
GaAs layers and the increase of temperature with the growth 440 | St Grown )

) . _ Substrate Temperature Under DRS Control (Set Point 460 °C)
of the GaAs cavity on the mirror stack. In both cases the 5[ % . . . . . . .
temperature decreaser increasgis due to the increas@r ° 8 A (ifnutes)‘m 48 56
decreasgin the emittance of the substrate, which is caused
by the deposition of a layer whose index of refraction isFic. 4. Feedback control of substrate temperature during the growth of

: : - near-lattice-matched InGaAs on semi-insulating InP, using diffuse reflec-
lower (Or hlgheD than that of the underlylng material. tance spectroscop§PRS). The substrate setpoi@@60 °Q, the DRS tem-

In order to better understand the effect the optical properperature, the thermocouple temperature and setpoint, and the heater power
ties of the growing structure have on substrate temperature,ase shown.

mathematical model for radiant energy transfer between the

heater and substrafeis used to simulate substrate tempera-

ture variation during the growth of the structure at constanfubstrate emission goes through a maximum in the 65.4 nm
thermocouple temperature. The result of this simulation i€3@As layers and a minimum in the 77.8 nm AlGaAs layers.

labeled the “substrate thermal model” in Fig. 3. This model

does a remarkably good job of reproducing key features ofy. TEMPERATURE CONTROL DURING THE
the substrate temperature variation during the growth of th6sROWTH OF ABSORBING OVERLAYERS
DBR cavity. For example,_ it correctly predic{g) the higher_ During the growth of absorbing overlayers, such as near-
avera.ge temperature during the growth of the second ML ttice-matched InGaAs on InP, radiatively heated substrates
stack; (2) the peak temperature during the growth of the

o . . are known to heat up dramatically as the layer becomes
QaAs cavity; and3) the'decrease n tgmperature during thethicker, and this occurs with either constant heater power or
first AlIGaAs—GaAs period of each mirror stack.

Th bstrate th | model al dict It constant thermocouple temperattifeUnder these growth

€ substrate thermal modet aiso predicts small lemperas,  jitions it is imperative that one has an alternativsitu
tre oscillations that have the same period as the MiMmopqoq of determining substrate temperature. Band-edge
stack. In comparison, the period of the DRS temperature OSt‘nermometry is a suitable method, with the limitation that the

cillations is about 1.2 times larger. The longer period forn, 4,6 overlayer will eventually obscure the band edge of
DRS is due to the interference distortion of the band—edg@he substrate.

spectrum in the vicinity of the knee wavelength, which is |, the following experiment a near-lattice-matched, 400
about 20% longer than the wavelength of the resonant cavity, , thick, InGaAs layer is grown on a radiatively heated 50
These two different periods result in a beating in the DRSy,, semi-insulating InP substrate in a DCA MBE system.
temperature that is particularly noticeable in the first mirrorpe substrate(i.e., DRS temperature, thermocouple tem-
stack. The fact that the period for interference dominates thSerature, and heater power recorded during the growth of this
DRS temperature during the growth of the mirror stacks i”'layer are shown in Fig. 4. The DRS temperature is used to
dicates that the temperature displacement of the diffuse resontrol the setpoint of the thermocouple, which in turn con-
flectance spectrum is smaller that the interference displacgrols the output power of the heater. The supervisory com-
ment, even after correction. puter checks the DRS temperature every 30 s, and if the DRS
The substrate temperature oscillations during the growtlemperature has deviated more thad °C from the sub-
of the mirror stacks have maxima in the AlGaAs layers andstrate setpoint of 460 °C, the computer adds the difference to
minima in the GaAs layers. At first this behavior appears tothe thermocouple setpoint. In addition, at the start of growth
be out of phase with the more prominent features of thehe thermocouple setpoint is reduced by 6 °C to adjust for the
temperature curve, namely, that the temperature decreasgdditional radiant heat load of the In and Ga effusion cells.
during AlGaAs growth and increases during GaAs growth. Using this control algorithm, the substrate temperature
The explanation for this is as follows: Superimposed over theends to stay about 1 °C above its setpoint throughout most
broad subgap emission spectrum of GaAs—AlGaAs materialsf the growth. Decreasing the update tiiffiom 30 to 10 $
is a narrow emission peak where the band gap of the materiaind the deviation threshol@rom 1.0 to 0.5 °G would bring
overlaps the tail of the blackbody spectrum. The combinationhe substrate temperature closer to the setpoint. Also, there
of band-gap changes and interference effects cause the intare small oscillations in the substrate temperature at the start
grated intensity of the emission peak to vary with the samend stop points that are caused by the abrupt changes in the
period as the quarter-wave mirror stacks. Because of thishermal load on the substrate when the In and Ga cells are

N
(=]

490 F

n
o
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DRS Temperature
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opened or closed. In order to improve the feedback control o& 400 nm thick InGaAs layer and that this apparent tempera-
the substrate temperature, a more sophisticated computamre shift can be reduced to less than 0.5 °C by using&q.
control algorithm such as a proportional—integral—derivative
loop could be implemented. In this case the deviation of the/- CONCLUSIONS
substrate temperature from its setpoint would be limited by A substrate temperature measurement method is presented
the noise in the DRS measurement. wherein temperature is inferred from the position of the knee
As can be seen in Fig. 4, each time the thermocoupl®f the band-edge spectrum of the substrate. The width of the
setpoint is updated, there is a sharp drop in the heater pow&nee of the band-edge spectrum is used to correct for spuri-
and the thermocouple temperature quickly moves to its newus shifts in the position of the knee caused by differences in
setpoint. The thermal response of the thermocouple—heatéine properties of the substrate and the measurement condi-
system is fast compared to the thermal response of thgons from those of a reference substrate. Spurious tempera-
substrate—this is why the nested control loop we are usingure shifts caused by thin-film interference during the growth
works so well. of a distributed Bragg reflector cavity structure are signifi-
By the end of the growth, the thick InGaAs layer hascantly reduced when using both the position and the width of
reduced the DRS signal by a factor of 5. This is indicated bythe knee of the spectrum to determine the temperature. A
the increase in the noise of the DRS temperature measursubstrate thermal model is used to predict the key features of
ment (see Fig. 4. In our experience the DRS technique is the real temperature variations of a radiatively heated sub-
limited to the growth of InGaAs layers that are less than 1strate during the growth of =930 nm resonant cavity un-
pm thick. Also, by the end of the growth the thermocoupleder constant thermocouple control. Diffuse reflectance spec-
temperature is lower than the substrate temperature. Theoscopy is used to control substrate temperature to within
small-band-gap epilayer absorbs a larger part of the heater2 °C during the growth of the InGaAs on InP. Conven-
radiation spectrum than the InP substrate, which is transpational constant-thermocouple control during the same growth
ent to much of the blackbody spectrum at these temperaturegesults in substrate temperature variations of more than
Therefore, as the InGaAs layer thickens, the transmissiob0 °C.
losses of heater radiation are reduced, and this reduces both
the heater power output and the thermocouple temperature'.A‘CK'\‘OW'—EDGMENTS
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