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The phenomenal growth in wireless communications andundamental optical properties, such as the band gap of a
optoelectronic technology is making IlI-V semiconductor semiconductor, and their temperature dependence as a ve-
based devices an increasingly important component of thhicle for obtaining accurate and reproducible substrate
entire semiconductor markétUnlike Si-based technology, temperature$One implementation of this idea is realized by
where devices are fabricated primarily by ion implantation,using the broadband light emitted from the substrate heater
[1I-V device structures must be fabricated one atomic plandilaments as the light source for performing an optical trans-
at a time. One of the most powerful and flexible growth mission measurement on the substfatélsing the substrate
methods for 1lI-V structures is molecular beam epitaxyheater as a light source is very clever and has many advan-
(MBE). The ability of MBE to control the deposition of ex- tages over thermocouple sensors and pyrometers. Namely, it
tremely thin films that is required for high-performance de-determines the temperature without requiring physical con-
vices, as well as the capability to grow device layers withtact with the substrate and this approach is not affected by
arbitrary compositions and doping profiles, is unequaledfiims being deposited on the pyrometer viewpbh addi-
However, even MBE as traditionally used suffers from poortion, this approach does not require internal modifications to
day-to-day repeatability, and this is due, in part, to the lackhe MBE machine to implement. However, there are two
of any means to accurately sense and control one basic prdisadvantages with this approach. Since one cannot modulate
cess parameter, namely, the substrate temperature. This prahe intensity of the heater light, the signal to noise ratio is
lem arises because the typical sensor used for temperatuafected by stray light. Also, if the heater power is shut off,
control is a thermocouple, which cannot be in good thermaho light source is available to measure the substrate tempera-
contact with the substrate if one wants to produce highture. Another implementation @f situ band gap determina-
quality, highly uniform material. The inaccuracies in sub-tion is to bring white light into the pyrometer port and to
strate temperature, in turn, affect the overall progress withirmeasure the band-edge reflection spectroscopy using the
the MBE community at large. The reason for this is that theback-reflected light coming from the pyrometer viewgort.
temperature profile used to produce a high-quality growth aThis method works well for bare substrates but suffers from
one institution cannot be transferred to other institutions. Theptical interference effects, especially when the films are
MBE community has tried to minimize these difficulties smooth and uniform in thickneggrecisely what one wants
through the implementation of optical pyrometers for sub-to achieve with MBEE The most successful noncontact tem-
strate temperature determination. Unfortunately, the accuperature measurement scheme was achieved by installing an
racy of pyrometers is limited by stray light from the source optical pipe inside the MBE machine that allows an alternate
ovens and from substrate heater filaments. In addition, pykght source to be brought to the back side of the substrate.
rometer readings are affected by films deposited on the pyFhis has been successfully implemented in MBE machines
rometer viewport and by lack of knowledge of sample emis-that have an in-line optical path to the back side of the
sivity (which in many cases is changing during the growth ofsubstrate. Supplying an alternate light source that can be
the structurg Finally, if one uses direct radiative heating of chopped prior to entering the substrate has proven to be the
the substrate, the pyrometer becomes flooded with the infranost precise substrate temperature measurement method
red radiation of the heater filaments, making the techniquavailable® However, in MBE machines where the sample is
even less accurafeOther workers have suggested the use ofmounted on a manipulator that rotates about a perpendicular

flange axis, no successful integration has been achieved. For
dElectronic mail: thibado@comp.uark.edu the first time, a simple and robust solution has been found for
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fiber bundle, which is attached to one end of the quartz rod

White Light Growth Chamber and directs the light to an optical fiber port on the manipu-
Source _ Chopper lator flange. The individual fibers are made of borosilicate
N 7 g Viewport| - Fiper Bundle and are not coated. The fiber bundle is encased in a stainless
- @ - z _’—[% Shaped steel monqcoil, and betwegn the fiber bundle and t‘r)e stain-

Monochromator, |—e N Quartz Rod Ie'ss steelﬂls a layer o.f a fiberglass mf.;\terlal called “natural

Detector, Silverflex.” This material is used to avoid fiber breakage and
& Lock-in is UHV compatible, unlike the conventional polymer mate-
rials used to coat fiber&he fiber bundle was supplied by
Fiberguide Industries The fiber-fiber feedthrough is simply
Viewport a standard glass viewport with a special mount which rigidly
f supports the fiber flat against the viewpdite fiber-fiber
UHV conflat feedthrough was supplied by Cl SystenThe

sample and the quartz rod assembly rotate as a rigid body
Fo. 1 Schematic di howing the enti ical deli t ~180° between the sample’s introduction position and the
IG. 1. Schemalic diagram showing the entire optical aelivery system use 7 s . .
for transmission thermometry measurements. The system uses a 20 W whi @mple s growth position abou'f a line perpendicular to the
light source which is passed through a chopper. The light then movegnanipulator flange and approximately centered on the ma-
through a fiber bundle to a viewport on the UHV growth chamber. Inside thenipulator flange. A 60 cm long fiber bundle connects the
vacuum chamber the light travels through a fiber bundle and then throug : :
the shaped quartz rod to the back side of the substrate. The transmitted Iigﬁtuartz rod to the manipulator flange which a_'re separated by
is collected through another viewport on the front side of the substrate an@POUt 20 cm. The extra 40 cm length of fiber allows the
is then feed into the monochromator. After using lock-in detection, a com-optical system to easily accommodate the 180° twist without
puter digitizes the transmission spectra and calculates the substrate tempeﬁ],-eaking In addition. the fiber bundle is mounted approxi-
t . N ) )
ure mately 10 cm from the center of the manipulator flange and
thus only needs to flex-5° during the=90° swing of the
integrating a noncontact transmission thermometry sampleample from its transfer to its growth position. The quartz
temperature measurement scheme into a Riber 32 MBE maed is only fixed at the point where it attaches to the fiber
chine. The Riber 32 MBE machine falls into a class of MBE bundle, otherwise it simply rests against the manipulator
machines that utilizes a rotating manipulator for samplecomponents, providing a strain free mount that allows inde-
transfers, which makes this integration unusually compli-pendent thermal expansion and contraction. The entire as-
cated. The fundamental band gap of the substrate is megembly is UHV capable, and our system reaches a base pres-
sured from the transmission spectrum obtained after passingjre of 3x 10! Torr when cooled with liquid nitrogen.
white light through the substrate. This approach.allows the The quartz rod and fiber bundle assembly are the only
substrate temperature to be measur.ed over a.W|de tempeigmponents inside the vacuum chamber. On our manipula-
ture range(e.g., 0—700°C for GaAswithout making physi-  tor, the optical delivery components are relatively simple to
cal contact with the substrate. The temperature of the sulpsian and to replace. The MBE machine is a custom modi-
strate is known within=2 °C and is updated approximately taq commercial systerfmodel 32 from Ribex The primary

every second. We will discuss the advantages and disadvajyierna| modifications were moving the thermocouple sensor
tages of using this optical technique for temperature determlﬁom the center of the 3 in. heater to a new position approxi-

hation in MBE. mately 5 mm away, and also magira 3 mmdiam hole

There are primarily two custom components that made th(tahrough a polycrystalline boron nitridé®BN) plate that sits

|n_corporat|on of the optical therm_ometry system poss'.blebetween the heater filaments and the substrate. As stated
First, a shaped quartz rod that guides the light from a fiber

bundle to the back side of the substrésee Fig. 1 The above, the quartz rod simply rests against the edge of the

quartz rod has a diameter of 2 mm and the ends are fIam%BN plate and is only held to a rigid mount at the other end.

polished so that they are optically flat. One end of the quartirh's allows _the quartz rod and manipulator asse_mbly to flex
rod is positioned 1—2 mm from the substrate. Due to the higr‘f‘”thOUt putting tension on one another. Our entire chamber
temperature stability properties of quartz, there are no con?@S been cycled from room temperature to 200-250°C
tamination issues to considéeven though the quartz rests Many times without any damage occurring to the quartz rod
only millimeters away from the hot sample and heater fila-O" the fiber bundle. In addition, we rotate the manipulator
ments. If a stainless steel coated fiber pipe were used thi§everal imes per day from the sample transfer position to the
close to the heater, severe outgassing and subsequent c&@mple growth position, and this motion has never caused
tamination problems would occur. The quartz rod has a 90the quartz rod or fiber bundle to fail.

bend with a radius of curvature of 25.4 mm and an overall In order to upgrade an existing MBE system to utilize the
length of 200 mm, so that the other end of the rod directlyoptical delivery system described here, one key requirement
faces the conflat flange holding the sample manipulator. Thés having a pyrometer viewport in front of the sample while
second critical component which made the integration sucin the growth position(ideally, directly in front of the
cessful is an ultrahigh vacuufUHV) compatible optical samplg. A second requirement is to modify the sample
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Fic. 2. Six transmission curves are shown as a function photon energy. Ea -
. i6. 3. Thermocouple temperature and calculated transmission thermometry

curve was taken after the substrate temperature remained unchanged for . h

more than 30 min, while being heated with a constant current power supply.emperature shown as a function of time. A constant current power supply

' maintained a wafer temperature of 600 (e thermocouple read 615 §C

The sharp drop in the transmission spectra occurs once the photon energy,is ; .
large enough to cause band-to-band transitions. for 5 min after which the current was set abruptly to zero. The data show

that the dynamic response is very different for the thermocouple and the
substrate.

heater and manipulator to make space for the quartz rod and
fiber bundle. tron diffraction (RHEED) oscillations. The sample was

Outside the vacuum chamber we use commercially availeooled to room temperature and then subsequently heated to
able hardware and softwamodel NTM1 from Cl Systems 100 °C using a constant current power supply. The current
systems for performing the optical transmission measurewas manually adjusted until the temperature value was 100
ments, shown schematically in Fig. 1. This system uses:2 °C and did not change for 30 min. At the end of this
chopped white light from a 20 W lamp in order to separateperiod, a transmission spectrum was recorded. This proce-
our light source from stray light due to the heater, iondure was repeated for 100 °C increments up to 600°C. The
gauges, and cells. This light is directed to the back side ofharp drop in the transmission curves is due to a sharp in-
the substrate using the fiber bundle and shaped quartz ramease in the absorption of light due to band-to-band transi-
discussed earlier. The light which is transmitted through thdaions. The fundamental band gap decreases in an approxi-
wafer is collected through a viewport on the growth surfacemately linear manner as the temperature is increased from 0
side of the sample. We want to note that the optical throughto 700 °C.
put of the interface components is less than 2.5%. The pri- A significant advantage of supplying our own light to the
mary loss of light collection is due to beam divergence fromback of the substrate is that once the substrate heater is
the quartz rod to the viewport. A simple lens system collectgurned off, we can still accurately measure the substrate tem-
the light and focuses it onto a fiber bundle, after which theperature. Thus, we can accurately determine the cooling rate.
light is piped into a fast-scan grating monochromator with aWe were surprised to find that the thermocouple temperature
silicon-germanium detector and a lock-in amplifier. A com-dropped much faster than the temperature of the substrate, as
puter reads the transmission spectra and then calculates teeown in Fig. 3. After holding the substrate at 600 °C for 5
fundamental band gap using either a first or second derivamin (the thermocouple reads 15 °C highehe power to the
tive technique. The temperature of the substrate is detesubstrate heater was set to zero. The thermocouple reached
mined by comparing the band gap obtained from the abov250 °C in about 7 min, whereas the substrate required about
measurement with one obtained from a database. The entide® min. Often a heterostructure requires that growths of dif-
process of collecting and digitizing the light intensities overferent materials be carried out at different temperatures. Us-
a wavelength range from 600 to 1600 nm and extracting @ng the thermocouple as a gauge of the response time for the
temperature is about once per second. We now use the sufubstrate to change temperatures may not be accurate. If a
strate temperature obtained with this system as a feedbagarticular layer has a narrow temperature window for high-
for setting the amount of current delivered to the heater filaquality deposition, then starting the growth too soon could
ments. lead to a poorly defined structure.

As a demonstration of the systems performance, transmis- The key advantage of incorporating the optical transmis-
sion spectra as a function of photon energy were acquiredion temperature measurement system into our MBE cham-
using a semi-insulating Gaf®01 2 in. indium free beris fast and accurate temperature determinations which are
mounted substrate and are shown in Fig. 2. A freskderived from a fundamental optical property. Thus, our
“epiready” wafer was used, the oxide was removed andknowledge of the temperature is not subject to variations due
about 1um of GaAs was grown at 580 °C using a growth to different substrate mounting strategies or to even which
rate of 1um/h determined using reflection high-energy elec-MBE machine is used to perform the measurement.
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One drawback for our system is that we can only measureabrook of the Naval Research Laboratory for initiating this
the substrate temperature at the center of the substrate. Vpeoject. The authors would also like to thank M. Ancilotti
would need to install multiple quartz rods across the baclkand P. Gerard of Riber Inc., Rueil Cedex, France for their
side of the wafer to measure the temperature at other pointechnical assistance with this project.
on the wafer. It is known that a temperature gradient can
occur between the center of the wafer and the edge of theigeg fﬂ;ﬁé@?‘ﬂﬁa3°r§pﬂ'afr?sm?°g’f'lsf1§??m 28 (1987
W?.fer. \N_Ith our measur,emem system W? Can_nOt determln&B: V: Shanabrook, J: R: Water’ma;n, 3/ L Davis, J. R. Waéner, and D. S.
this gradient. Another disadvantage of this optical detection katzer, J. vac. Sci. Technol. BL, 994 (1993.
system is that is does require that one install components®. A. Roth, T. J. d. Lyon, and M. E. Adel, Mater. Res. Soc. Symp. Proc.

inside the MBE machine. 324, 353 (1994. .
5T.J.d. Lyon, J. A. Roth, and D. H. Chow, J. Vac. Sci. Technal53329
- , , (1997.
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