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Identification of electron-irradiation defects in semi-insulating GaAs
by normalized thermally stimulated current measurements
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Primary defects induced by 1 MeV electron irradiation have been quantitatively studied in semi-insulating
~SI! GaAs by using normalized thermally stimulated current spectroscopy, a new technique. Defects identical
to ~or similar to! those known in the thermally stimulated current literature asT6* (0.13 eV),T5~0.34 eV!, and
T4~0.31 eV! are produced at rates 0.70, 0.08, and 0.23 cm21, respectively;T5 is also a strong trap in unirra-
diated SI GaAs. The defectsT6* andT4 correspond closely to the irradiation-induced trapsE2~0.14 eV! and
E3~0.30 eV!, studied extensively by deep-level transient spectroscopy and Hall-effect measurements and
assigned to the As vacancy. We thus infer that trapsT6* and T4 ~and probably alsoT5! in SI GaAs have
As-vacancy character.@S0163-1829~97!04503-7#
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INTRODUCTION

High-energy electron irradiation has been employed
study primary defects~vacancies, interstitials, and, som
times, antisites! in many metal and semiconductor material1

Typically, the electron energy necessary to displace an a
will be a few hundred keV; thus, the common choice
1-MeV irradiation will produce only one, or at most a few
displacements and no massive damage, such as is
found with heavy-ion irradiation. Semiconducting GaAs h
been investigated in this manner for several decades~for re-
views, see Refs. 2 and 3!. Many techniques have been em
ployed, but quantitative analysis has mainly relied
temperature-dependent Hall-effect~TDH! ~Ref. 4! and deep-
level transient spectroscopy~DLTS! measurements, or othe
methods involving capacitance.3 However, the TDH and
DLTS techniques cannot be applied in semi-insulating~SI!
GaAs, an important material that forms the basis of the Ga
microwave and integrated-circuit industries. A we
established method for looking at traps in SI materials
thermally stimulated current~TSC! spectroscopy;5–8 how-
ever, TSC is not considered to be a quantitative techni
because it involves carrier mobility, lifetime, and geomet
factors, which are either unknown or poorly known. In th
work we first show how to quantify a TSC spectrum,
normalizing with infrared photocurrent, and then apply th
quantitative method~called NTSC! to study traps produced
by electron irradiation in SI GaAs. The NTSC trap
T6* (0.13 eV) andT4~0.31 eV!, which sometimes appear i
as-grown~unirradiated! SI GaAs, are shown to be equivale
to the DLTS electron trapsE2~0.14 eV! andE3~0.30 eV!,
respectively, and are assigned to the As vacancyVAs or its
complex. Another defect,T5~0.34 eV!, which is always
prominent in as-grown SI GaAs, grows with irradiation, b
at a smaller rate than that found for eitherT6* or T4. The
other two most prominent TSC traps in as-grown SI Ga
T2~0.63 eV! andT3~0.50 eV!, are unaffected by 1-MeV irra
diation.

THEORY

The idea behind the normalization procedure is that b
TSC and infrared~IR! photocurrent~PC! are linearly propor-
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tional to carrier lifetimet(T), mobility m(T), and certain
geometric factors;5 thus, their ratio~I TSC/IPC! mostly in-
volves only quantities that are either known or can be fitt
The only remaining unknown quantity, in general, is the a
sorption coefficienta(T); however, fortunately, for IR exci-
tation of electrons fromEL2 ~the AsGa-related defect that is
dominant in SI GaAs!, a(T) is well known.9,10 The TSC for
electron traps can be shown to obey5

I TSC5emntn
wd

l
VNTenexpS 2E

T0

T en
b
dT8D , ~1!

where a rectangular sample is assumed~length l , width w,
and thicknessd!, V is the applied voltage,NT the trap den-
sity, T0 the starting temperature,b the heating rate, anden
the emission rate given by

en5
16pmn* k

2

h3 S g0g1 sn0e
aT /kDT2e2~E01Es!/kT. ~2!

Here,g0 ~g1! is the degeneracy of the unoccupied~occupied!
state,sn5sn0 exp~2Es/kT! is the electron capture cros
section,aT is defined byE5E02aTT, andE is the energy
of the trap defined with respect to the conduction band. Of
the term (g0/g1)sn0exp(aT/k) is called theapparentcapture
cross sectionsa , and (E01Es), the apparent energy,Ea .
For a nonrectangular sample, the factorwd/l will change;
however, it will cancel out anyway in the ratioI TSC/IPC as
shown below.

We now turn to the derivation of the PC under illumin
tion by IR light ~1.1 mm in our case! of intensity I 0
photons/cm2 s. In a thick sample~ad@1, wherea is the
absorption coefficient!, all of the light will be absorbed ex-
cept for that reflected by the front surface; in other words,
effective light intensity is I 0(12R). However, in a thin
sample, multiple reflections involving the back surface a
must be considered. Consider a small region at distancx
from the sample surface and of lengthdx; then the volume
2214 © 1997 The American Physical Society
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55 2215IDENTIFICATION OF ELECTRON-IRRADIATION . . .
concentration of electronsn1d produced on thefirst down-
ward pass of the light~before reflection at the back surfac!
is

n1d5
1

d E
0

d

I 0~12R!ane
2axtndx

5I 0~12R!antn
12e2ad

ad
, ~3!

wherean is the portion of the absorption which produc
free electrons anda is the total absorption. The intensity o
light reaching the backside isI 0(12R)exp~2ad! and the
intensity reflected back toward the upper surface
I 0R(12R)exp~2ad!. Thus, the concentration of electron
produced during the first upward pass is n1u
5R exp(2ad)n1d. On thesecond downwardpass the con-
centration isn2d5R2exp(22ad)n1d, and the final result,
after many passes, is

n5n1d1n1u1n2d1•••5I 0ant
12e2ad

ad

12R

12Re2ad .

~4!

For SI GaAs,R~1.1 mm!.0.305, and typicallya.an.1
cm21 and d.0.06 cm. Thus,ad!1, and n.I 0ant. This
derivation reveals an interesting fact: for a very thin samp
the effectively longer path length due to the multiple refle
tions in the sample itself exactly makes up for the reflect
lost from the front surface.

The PC is then given byIPC5enmn~wd/l !V so that
I TSC/IPC becomes

I TSC
IPC

5

NTenexpS 2E
T0

T en
b
dT8D

I 0an

12e2ad

ad

12R

12Re2ad

. ~5!

Here we are neglecting the PC due to holes sinceap~1.1
mm!,an~1.1 mm! and mp!mn . For SI GaAs, an(l)
5snn(l)NEL2

0 and a~l!5snn(l)NEL2
0 1snp(l)NEL2

1 . The
photoionization coefficients,snn andsnp , for l51.1mm, are
well known.9,10 Also, NEL2

0 and NEL2
1 can be determined

from transmission measurements at two different wa
lengths, say 1.1 and 1.2mm.10 Thus, a fit of I TSC/IPC as a
function of sweep temperature,T5T01bt, will give NT ,
sa , andEa as fitting parameters. However, in general,sa
cannot be fitted accurately, as is also the case in DLTS an
sis ~e.g., see Ref. 11, p. 202!.

Equation~5! assumes that all of theNT traps are filled by
the illumination, which will not be true if the illumination
excites electrons out of the trap even while it is providi
conduction-band electrons from other sources~EL2 or the
valence band! which can be captured by the trap. In stea
state~long illumination time! the occupied fraction will be

NT
0

NT
5

nvnsn1I 0snpT~l!

nvnsn1pvpsp1I 0@snnT~l!1snpT~l!#
, ~6!
s

,
-
n

-

ly-

wheresnnT~l! is the photoionization cross section for ele
tron excitation from the trapT to the conduction band by
light of wavelengthl, andsnpT~l! is the analogous term fo
hole excitation. For trap filling, we used 1.45-eV light, a
energy just below the band gap at 83 K, the temperatur
which the traps were filled. The reason for filling wit
1.45-eV light, rather than the 1.1-mm light used for the PC, is
that the latter can also causeEL2 quenching, which compli-
cates the analysis.7 To test the importance of Eq.~6! in the
present analysis, we employed a wide range of filling wa
lengthsl and intensitiesI 0, and measuredNT ~or reallyNT

0!
for each. The conclusion was that only trapT5 was affected
much byl or I 0, but that even forT5, the chosen conditions
@l50.855 mm ~1.45 eV! and I 053.331014 photons/cm2 s#
gave nearly the maximum peak height. Thus, we believe
the ratioNT

0/NT in our experiment is within 10% of unity for
all of the traps,T6* , T5, andT4.

For trapT6* , which has a peak at 91 K, we must als
consider emission during the 30-s time interval that
sample sits at 83 K after the light has been turned off
before the sweep has begun. Fortunately, the fitting of
~5! to the NTSC spectrum givesen(T) @Eq. ~2!# and there-
fore the loss of neutral~filled! T6* traps can be easily calcu
lated:

@T6* #0~ t !

@T6* #0~0!
5e2en~83 K!t, ~7!

wheret530 s in our case. It turns out that the loss is abo
25%, and this factor must be included in the analysis.

Finally, we must analyze the effects of electron ener
loss in a thick sample. LetEd be the absorbed energy ne
essary to displace an atom~Ed.10 eV in GaAs!.3 Then the
minimum ~threshold! electron energyEt that will transfer at
leastEd to an atom of massM is given by~Eq. 1.46, Ref. 1!.

Ed52Sme

M D Et~Et12mec
2!

mec
2 . ~8!

Thus,Et.0.27 MeV forEd510 eV. A numerical calculation
using electron energy-loss theory12 ~most of the loss is due to
electronic collisions! gives a range of 970mm for an initially
1-MeV electron to fall to 0.27 MeV. Thus, appreciable e
ergy loss will occur in a typical 600–700-mm-thick sample,
and more displacements will occur near the upper surf
than the lower surface. This situation is discussed in Ref
and Eq. 1.57 of that reference can be rewritten as follow

NT5NT~E!H 12
d

2@R~E!2R~Eth!#
J , ~9!

whereE51 MeV, andEth50.27 MeV, in this case. Thus, i
samples of different thicknessd are available, then a plot o
NT vs d will have an interceptNT~1 MeV! at d50. Such an
analysis will allow comparison with DLTS results, which a
concerned only with near-surface defects and thus can
analyzed by assuming a constant energy of 1 MeV.
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EXPERIMENTAL RESULTS

Three adjacent 636 mm2 pieces were cut from a 100
mm-diameter, 615-mm-thick SI GaAs wafer grown by the
low-pressure liquid-encapsulated Czochralski method. H
effect analysis determined a resistivity of 3.43107 V cm, a
mobility of 7200 cm2/V s, and a carrier concentration o
2.63107 cm23, all at 296 K. Transmission measuremen
@see the discussion following Eq.~5!# gaveNEL2

0 51.531016

cm23, andNEL2
1 5131015 cm23, typical results for such wa

fers. Ohmic contacts were formed from In dots on the sam
corners, and the In was annealed at 425 °C for 5 min. C
rent was passed between diagonal contacts.~The geometric
factor in such a case is not wd/l , but it cancels out anyway
in the ratioI TSC/IPC.! One of the three samples was lapped
415mm, and another to 215mm, in order to apply Eq.~9!.

Electron irradiation was carried out in a van de Gra
accelerator capable of supplying 40mA of 2.2-MeV elec-
trons. However, in this experiment, a 1-MeV beam of ele
trons was passed through approximately 10 cm of air be
hitting the target. This resulted in a target flux of only 2
nA/cm2 that was applied for 6 min, giving a total dose
531014 1-MeV electrons/cm2. This small dose had only a
slight effect on the electrical properties, such as the d
current and photocurrent, but was large enough to prod
substantial changes in several trap concentrations. NT
data for the 215-mm-thick sample are presented in Fig.
Clearly, very large increases of trapsT6* and T4 occur,
smaller increases of trapsT5, T5* , andT1, and no measur-
able increase of trapsT2 andT3. Data for all other samples
investigated by us look substantially the same. Quantitat
least-squares fits to Eq.~5!, without any approximations
were carried out for trapsT6* ~80–110 K!, T5, andT4 ~130–
170 K!. The latter two traps had to be fitted simultaneous
i.e., I TSC/IPC5~I TSC/IPC!51~I TSC/IPC!4, because of the stron
overlap. Excellent fits for all traps were achieved, as sho
in Fig. 2 for trapsT5 andT4 of the 215-mm-thick sample.
The fitting parameters are summarized in Table I. TheNT
value in column 3 is determined by subtractingNT ~as-
grown! from NT ~irradiated! for each of the traps.

From Table I, it is seen that the apparent trap concen
tions vary with thickness. This effect was predicted by E

FIG. 1. Normalized thermally stimulated current spectra of
grown and irradiated~531014, 1-MeV electrons/cm2! semi-
insulating GaAs.
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~9! and is due to the electron energy loss in the th
samples. Plots ofNT vs d for traps T6* , T5, and T4 are
shown in Fig. 3, and straight lines are clearly found for tra
T6* andT5, although the relationship forT4 is more dubious.
The concentration values extrapolated tod50 @i.e., NT~1
MeV! in Eq. ~7!# are given in Table I, and lead to productio
rates of 0.70, 0.078, and 0.23 cm21 for trapsT6* , T5, andT4,
respectively. The corresponding values of@R(E)2R~Eth!#
are 920, 840, and 1530mm, respectively, but the last valu
should be discarded, because the fit to Eq.~9! for trapT4 is
not nearly as good as the fits for the other two traps.~With
only three points, if one of them is off, the whole fit is com
promised.! As mentioned earlier, a numerical calculation
@R~1 MeV!2R~0.27 MeV!#, from detailed nuclear scatterin
theory,12 gives a value 970mm, in good agreement with ou
fits of theT6* andT5 data. Thus, we evidently have include
the electron energy-loss effect properly. It is recommend
that such an analysis be employed for all investigatio
which use GaAs samples of normal thickness~600–800mm!
and which involve the whole bulk. As mentioned earlie
however, DLTS analysis is not affected by energy loss

TABLE I. Fitting parameters for trapsT6* , T5, and T4 in
samples of thickness (d) 215, 415, and 615mm, subjected to irra-
diation by 531014 1 MeV electrons/cm2.

d ~mm! Trap NT ~1014 cm23! Ea ~eV! sa ~cm2!

215 T6* 3.10 0.13 4310219

T5 0.34 0.34 3310214

T4 1.10 0.31 7310217

415 T6* 2.72 0.12 3310219

T5 0.29 0.35 4310214

T4 0.95 0.32 4310216

615 T6* 2.33 0.12 1310219

T5 0.25 0.33 1310214

T4 0.94 0.30 5310217

0a T6* 3.51
T5 0.39
T4 1.15

ay-axis intercept~d50! of NT vs d plot.

- FIG. 2. A fit of the 130–170-K region in Fig. 1, which include
trapsT5 andT4.
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55 2217IDENTIFICATION OF ELECTRON-IRRADIATION . . .
cause it involves only a small region~typically 0.1–1mm!
near the surface.

DISCUSSION

The main 1 MeV irradiation traps found by DLTS incon-
ductive, n-type GaAs samples areE1 ~Ea50.045 eV,
sa52310215 cm2, r51.5 cm21!, E2 ~0.14 eV, 1310213

cm2, 1.5 cm21!, andE3 ~0.30 eV, 6310215 cm2, 0.4 cm21!,
where r is the production rate.3 Since theE1 peak would
occur well below 80 K in the TSC experiment~as it does
also in the DLTS experiment!, we do not see a TSC pea
analogous toE1 with our apparatus. However, we see stro
similarities betweenE2 andT6* ~0.13 eV, 4310219 cm2, 0.7
cm21!, and betweenE3 andT4 ~0.31 eV, 1310216 cm2, 0.2
cm21!. That is,~1! in each case~DLTS and TSC!, they are
the main irradiation traps;~2! their energies~E2 with T6* ,
and E3 with T4! are very close; and~3! their respective
production rates are within a factor 2. Only the capture cr
sections differ greatly, especially betweenE2 andT6* .

Regarding the production rates, we notice that the ra
r (E2)/r (E3), and r (T6* )/r (T4), are equal, within error;
thus, it seems that a systematic error could be present in
NTSC analysis, the DLTS analysis, or both. In the NTS
case, the light intensityI 0 has some degree of uncertaint
because its measurement is accomplished by replacing
whole sample stage with a calibrated photodetector, and
difficult to ensure that the sample and detector are in
exact same positions. For the DLTS case, calibration is
complished through measurement of the background sha
donor concentration by theC-V technique, and this metho
also has sources of error, such as the determination of
diode areaA ~nCV;A22!. Thus, perhaps a factor 2 betwee
the DLTS and NTSC production rates should not be con
ered unreasonable. It is also possible, of course, that the
mary defect~probablyVAs! production rate in SI material is
inherently lower than that in a conductive material, due p
haps to charge-state effects. However, a recent Hall-ef
study4 of the 0.15-eV defect in conductive GaAs finds a pr
duction rate of 0.6 cm21, very close to our NTSC value. A
this point, we do not know why the DLTS production ra

FIG. 3. The 1-MeV-electron production rates of trapsT6* , T5,
andT4 as a function of sample thickness.
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differs from that found by the NTSC and Hall-effect met
ods.

The differences in apparent capture cross sectionsa are
more difficult to resolve; however, several points can
noted in this regard.~1! In the DLTS case, and usually in th
TSC case~but not here!, cross sections are measured as
intercept of an Arrhenius plot.5,11 Because a slight error in
slope ~or Ea! gives a large error in the intercept~sa!, the
latter can be very inaccurate. As an example, in a DL
study of the same sample by several different laborator
the Ea of EL2 varied only from 0.72–0.84 eV, but thesa
varied from 4310217 to 5310215 cm2, while the ‘‘accepted’’
value is 1310213 cm2 ~Ref. 11, p. 201!. In our comparison,
we are determiningsa by two different methods~DLTS and
NTSC!, and in two different types of GaAs~conducting and
semi-insulating, respectively!. Thus, large disagreements
the values ofsa should perhaps be expected.~2! The DLTS
experiment is affected only by the surface region~typically
0.1–1.0mm!, and also involves a very high electric fiel
~typically 104–105 V/cm!. Such high fields can greatly affec
emission rates.~3! Note that theT5 andT4 energies are quite
similar, 0.31 and 0.34 eV, respectively, and their respec
NTSC peaks are close enough that they might not be
solved in the DLTS experiment. Sincesa for T5,
;3310214/cm2, is much higher than that ofT4, the combi-
nation of the twosa’s might be similar to that ofE3. The
same situation might apply to theE2/T6* combination; i.e.,
there could be another NTSC trap, with a similar energy
that ofT6* , but a higher cross section. Its peak could occ
below 83 K, in which case we would not see it. The DLT
defectE2 might then be a combination ofT6* and this un-
seen NTSC peak. However, without lower-temperature m
surements we cannot resolve this issue.

SUMMARY

We have developed a form of thermally stimulated c
rent measurements, called normalized TSC, or NTSC, wh
eliminates uncertainties due to mobility, lifetime, and ge
metric factors, but which adds a new factor, the absorpt
coefficient. Fortunately, the infrared absorption coefficient
semi-insulating GaAs is well known and thus allows t
NTSC technique to be completely quantitative in this ma
rial. Also, our analysis does not invoke the usual approxim
tions ~e.g., an Arrhenius plot of peak positions for differe
temperature sweep rates!, but instead the whole NTSC spec
trum, for only one sweep rate, is fitted exactly to the deriv
formula. This methodology was applied to 1-MeV electr
irradiation in semi-insulating GaAs. Three irradiation tra
were found:T6* at 0.13 eV,T5 at 0.34 eV, andT4 at 0.31 eV.
Of these traps, onlyT5 is commonly found at high concen
trations in unirradiated SI GaAs;T6* andT4 are sometimes
found in low concentrations, although they may invol
slightly different configurations~complexes! than those pro-
duced by the irradiation. The two main traps observed
conductiveGaAs, by DLTS, namely,E2 andE3, are iden-
tified with T6* andT4, respectively.~However,E3 may in-
volve bothT4 andT5.! From extensive previous analysis o
the DLTS defects, we then identifyT6* with the isolated As
vacancyVAs , andT4 andT5 with VAs-Asi complexes.
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