Defect densit y measurement s of low temperatur e grow n molecula r beam
epitaxia | GaAs by phototherma | deflectio n spectroscopy

M. H. Chan and S. K. So®
Departmen of Physics Hong Kong Baptig University, 224 Waterloo Road Kowloon Hong Kong

K. T. Chan
Departmen of Electronic Engineering The Chine® University of Hong Kong, Shatin Hong Kong

F. G. Kellert
Microwawe Technolog Division, Hewlett-Packad Compary, 1412 Fountaingove Parkway, Sant Rosa,
California 95403

(Receive 15 Novembe 1994 acceptd for publication 29 May 1995

The subga opticd absorptim of GaAs layers grown by low temperatug molecula bean epitay is
measurd by photothermbhdeflection spectroscop (PDS. The absorptim increass as the growth
temperatue decreaseat a fixed wavelength Defed densities evaluatel from the absorptiom spectra
ard the known absorptim cross sectiors are betwea 10'® ard 10'° cm™3. It is shown that
complementay PDS pha® specta can be usal to separat the absorptio of the epitaxid layers
from the bulk. © 19% American Institute of Physics.

Epitaxid layers of GaAs grown by low temperatue mo-
lecula bean epitayy (LT-MBE) hawe recent} been shown to
posses very usefu properties for device fabrication For ex-
ample thee materiak have been usal as abuffer layer to
suppress backgating and sidegating in fieldfea
transistors. Photoconductig devices grown from LT-MBE
GaAs exhibit very fas respone time! It is now generally
believal tha thes specid properties of LT-MBE GaAs are
due to an exces amoun of As presenh during epitaxial
growth High concentratia of point defecs is found in LT-
MBE GaAs and is thouglt to be associaté with the excess
As in forms of As antisites (Asg,), As interstitials As pre-
cipitates after annealingor their complexesAn understand-
ing of the natue of these defect will, therefore provide
usefu insights for improving the performane of devices
constructd from these materials.

Severd technique hawe bea usal to study the defects
in LT-GaAs grown by MBE including electrs paramagnetic
resonancé;* optical absorption? Hall effects’®
photoluminescence!® and deep-level
spectroscop™? From opticd absorptim measurements®
it was discoverd that the shaps of the absorptio specta of
LT-GaAs closel resembé those of intrinsic GaAs grown by
the liquid-encapsulaig Czochralsk (LEC) method Since As
antisie defecs are preset in both LT-MBE and LEC mate-
rials, defecs in both case shoutl hawe very similar prope-
ties The majority of defect in LEC grown GaAs are now
generaly acceptd to be due to EL2 defect (~Asg,), and
therefore it was propose tha defecs in LT-GaAs are also
EL2-like>® Some of the key parametes for evaluatimy the
EL2-like defed concentration are the photoionizatio cross
sectiors for neutrd defecs (o) and positive defecs (o).
For GaAs the photoionizatio cross sectiors for both neutral
ard positive As antisites hawe been evaluaté using photoca-
pacitane measurementS:** In this study, we demonstrate
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for the first time that it is possibé to use photothermbde-
flection spectroscop (PDS, a very sensitive technigwe for
measurilg opticd absorptionto evaluae defed¢ densities in
LT-GaAs using known photoionizatien cross sectiors for
EL2 in GaAs.

The GaAs MBE layers (1 um thick) were grown on a
100 A thick buffer layer of AlAs using LEC GaAs as the
substrate The MBE layers were subsequengl anneald at
620 °C for 25 min in the MBE chambe unde an As-rich
condition The AlA s buffer layer has arelatively large band-
gap enegy (2.2 eV) ard can be considerd to be optically
transparenin this study. GaAs epilayes grown at different
substrat temperature (200, 225, 250, 300, and 585 °C) were
investigatel by PDS The principle of operatian of PDS is
well documented® The measuremestwere carried out with
a standad setip consistirg of a 1 kW Xe arc lamp ard a1/4
m grating monochromato (Oriel) with selectie long-pass
filters as atunabk light source The punp bean was modu-
lated by a choppe before irradiating on the sample Carbon
tetrachlorice was usel as a deflectig fluid. A Uniphase
HeNe lase was directad paralld to the layer surfae as the
proke lase. A quadran cel (United Detectos Technology
was usel as the position senso for monitoring the photothe-
mad deflection signd of the prole beam The outpu of the
detecto was fed into alock-in amplifier (Standad Research
Modd SR83( for pha® sensitie measurementAll PDS
specta were normalizel to the incidert powe of the pump
beam.

Resuls of normalizel PDS specta on MBE grown
GaAs are shown in Fig. 1. The specta were calibratel by
transmissio measuremestusing a multilayer model® It is
observd that the subga absorptionwhich correlate closely
to the defed densiy, increase as the substrag temperature
decreaseat a fixed wavelength The EL2-like defed densi-
ties in the MBE layer, [Asg,]® ard [Asg,] ™, can be calcu-
lated accurate} with the known electran and hole photoion-
ization cros sections o, and holes o, respective),
accordimg to the equation
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FIG. 1. The absorptim specta measurd by PDS for MBE layers grown at
different substra¢ temperaturesThe choppirg frequencis are 13 Hz unless
otherwi indicated.

a(N)=0op(M)[Asg]®+ op(M[Ascal ', 6]
wherea()\) is the absorption coefficient at wavelengttor
the MBE laye. Sinae the shaps of the absorptio spectain
both the MBE layer and the substra¢ are very similar and
Asg, is involved in both caseg, it can be assumd that the
photoionizatio cross sectiors for the substrag can be used
in (1) for evaluatig the defed¢ concentrationsln addition,
PDS is known to be sensitiwe to the surfa@ rathe than the
bulk.}>® Hence for LT-MBE GaAs the absorptim due to
the GaAs epilaye is expectd to be larger than tha of the
substrat due to high defed densiy of the epilayea (about
10'® cm™2® for- annealed LT-MBE- GaAs~ grown at
200 °CY>9). Therefore the PDS signd shoutl be dominated
by the epilaye. Baseal on the assumptios above the defect
densities for the epilayers [Asg,]® and [Asga ™, can be
calculatel from Eq. (1) using the measurd absorptios at
two differert wavelengthsFor LEC GaAs the cross sections
are o,(1.1 um)=9.07x10" " o, (1.2 um)=4.8x10"17,
op(1.1 pm)=3.2x10"17, and o,(1.2 um)=4.72<10" '
cn?. 1314 Resuls of the defed¢ concentratios using these
known values of absorptio cross sectiors are shown in
Table | for epilayes grown betwea 200 and 300 °C. The
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FIG. 2. The PDS pha® specta for MBE layers grown at differert substrate
temperaturs (sorre of the pha® specta are not shown for clarity). The
pha® spectawere taken simultaneousi with the PDS specta shown in Fig.
1. The choppirg frequencis are 13 Hz unles otherwig indicated.

errors are estimate from the assumptia of £5% errarin the
cross sectiors ard are dependenon the photothermbdeflec-
tion signal Totd defed concentratios are in the range of
10'8-10'° cm 3 The totd defed densiy calculatel ac-
cording to the above methal appeas to be abnormaly high
(5.5x10'® cm™3) for the MBE layer grown at 585 °C, in
shap contras to repors tha the MBE layer grown at 580—
600 °C can produe ~ 103 cm ™2 shallov dona ard accep-
tor concentrationswith the dee trap concentratios smaller
by at leag a factar of 1017

The appareh contradictio abowe can be explainal by a
carefu consideratia of the PDS pha® spectain Fig. 2. For
the MBE layers grown at 200, 225 250 and 300 °C, as both
the MBE layer and the bulk becone more transparen (just
below the ggp enagy), the effective cente of absorption
moves away from the surfae and cause asudde phas lag
in the PDS signal Below the band-g@ enegy, the pha lag
becoms smalle for smalle photan enegies becaus the
cente of absorptim moves to the front surfa@ wher the
absorptim is dominatel by the MBE laye. Similar phase
motion has been observe previousy by Zammi et al.X81°

The PDS pha® spectrun for the 585 °C sampé (ob-

TABLE I. Summay of the EL2-like defed densities of anneald MBE layers grown at differert substrag¢ temperaturs obtainel from Eq. (1) ard the optical

sum rule. The choppirg frequeny employel is 13 Hz.

Substrate Totd defed density Totd defed density .
temperature [Asgal® [Asgal* [Asgal®+[Asgal* (from sum rule) [ASgal

_ _ - . e i TAe TF

(°0) (x10'° cm9 (x10'° cm 3 (x10%° cm9) X108 cm™9) [Asga +[Asga]
200 17 *0.1 18 *0.1 35 * 0.2 1.9 0.51
225 14 +0.1 12 £0.1 2.6:0.2 1.5 0.46
250 12 0.1 0.81+0.06 20 £ 0.2 1.2 0.40
300 0.72£0.05 0.210.02 0.93t 0.06 0.68 0.23
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tained at a choppirg frequeny f=13 Hz) also shows asimi-
lar pha® shift just belowv the bard gap Howeve, the phase
lag becoms larger for smalleg photan enggies This phase
dependene shows tha the effective cente of absorption
shifts gradualyy to the bulk and remairs there The phase
spectrun (f=13 Hz) suggest tha the correspondig absorp-
tion spectrum for the 585 °C sampé (f=13 Hz) in Fig. lisa
measue of the avera@ absorptim of the entire sampek rather
than the MBE layer alone Since the modulatel heatirg from
the punp bean is spreal over a distane of the orde given
by the therma diffusion length (w+), the contributian to the
PDS signd due to the MBE layer can be enhancd by reduc-
ing wt which is given by ut=[D/(7xf)]*2, where D
is the therma diffusivity (0.008 cm?s ™! for GaAs?° ard f
is the choppirg frequeng. At a choppirg frequeny of 13
Hz, u7~86 wum. The major contribution to the absorption
is due to the substrat becaus MBE layer grown at 585 °C is
known to hawe relatively few defecs and therefoe shout be
essential} transparenbelov the bard gap At highe chop-
ping frequenciesthe contributian of the epilaye to the PDS
signd is expecte to be enhancd becauseuy is reducedTo
suppot this argument PDS was performel agan at a chop-
ping frequeny of 1.6 kHz where ut~8 um. The mea-
sural absorptio for the 585 °C sampe is significanty re-
duced (Fig. 1). Simultaneousl, the PDS pha® spectrum
exhibits the characteristi pha® motion where the pha lag
increase sharpy just belowv the bard ggp followed by a
smalleg pha® lag (Fig. 2). On the othe hand PDS measure-
mens performel at a choppirg frequeny of 1.6 kHz on
othea MBE layer are similar to those obtainel at a chopping
frequeng of 13 Hz. Thee measuremestconfim tha PDS
only measure the absorptia of the MBE layers grown at
200, 225 250, and 300 °C at a choppirg frequeng of 13 Hz.
It is more desirabé but difficult to redue the therma diffu-
sion lengh to 1 um as a chopping frequency of 1 (Hz is
required.

The totd defe¢ concentratia for the anneald MBE
layer grown at 200 °C is abou an orde of magnituak higher
than the value (3x10'® cm™3) observe by Look et al. for
both absorptim and Hall effect measurements>~’ Also, the
compensatio ratio of deep acceptos [ Asg,] " to totd defect
densiy ([Asga’+[Asgal’) for the MBE layer grown at
200 °C is abou 0.5 (Tablke I) wherea abou 0.1 is observed
by Look et al.®’ The discrepang may be attributed to dif-
ferert annealilg conditions In Look’s study, post-growh an-
neak on the LT-MBE GaAs were performal in a flowing
inert gas In our study, post-growh anneas on the MBE
GaAs at 620 °C were performal in situ unde arsent¢ over-
pressure.

The EL2-like defed can also be estimate from the op-
tical sum rule which has bean applied to estimae the con-
centratian of danglirg bondsin a-Si:H ard the defed density
of semi-insulatigy GaAs?1?? The defed densiy N is given

by
_ chu
- 27hlet?

f «(E)dE, 2

whet c is the sped of light, n (=3.5 for GaAs is the re-
fractive index, u is the electron effective masa(E) is the
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absorptio coefficient at photan enegy E, ard e} is the ef-
fective chage of the defect With the Szigeti-tyge locd field
correction the effective chage of the defed for a homoge-
neots mediun is given by

er?=3§(n>+2)%%f,;,

)

where e is the electrsm chage ard the oscillata strength
fo; is assumd to be unity. The defed densities calculated
from the sum rule are also shown in Table |. Resuls from the
sum rule are significanty smalle than those obtainel from
Eqg. (1). The large differene in the defed densities can be
attributed to the uncertainy in estimatirg the effective
chage of the defects Brodsky et al.?® have applie the local
field correction to calculae e} . An orde of magnitude
variation for e} was obtainel dependig on whethe the de-
fedt was embeddd in ahomogeneosior an inhomogeneous
medium The uncertainy in evaluatimg the effective chageis
the majar errar in determiniry the defed densities from the
sun rule.
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