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EL 2 deep-level transient study in semi-insulating GaAs using positron-lifetime spectroscopy
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Positron lifetime measurements performed on Au/GaAs samples at room temperature with an applied
square-wave ac bias show a frequency dependent interface related lifetime intensity that peaks around 0.4 Hz.
The observation is explained by the ionization of the deep-donor EL&l to EL2* in the GaAs region
adjacent to the Au/GaAs interface, causing a transient electric field to be experienced by positrons drifting
towards the interface. Without resorting to temperature scanning or any Arrhenius plolt 2hdonor level is
found to be located 0.800.01+=0.05 eV below the conduction-band minimum, where the first error estimate
is statistical and the second systematic. The result suggests positron annihilation may, in some instances, act as
an alternative to capacitance transient spectroscopies in characterizing deep levels in both semiconductors and
semi-insulators[S0163-18207)01012-9

I. INTRODUCTION wiched sample assembly with the reverse bias alternating
between zero and 40 V. In the reverse biased half cycle the
Positron annihilation lifetime(PAL) spectroscopy has EL2 traps ionized t&EL2", causing the time-averaged in-
proved to be a valuable nondestructive probe for vacancyterface microvoid intensity,,, to increase as the intensifying
type defects in GaAs, having revealed the presenag,of>  electric field drifted more positrons to the interface state. On
Vo2 and vacancies associated with the metastable state tiie other hand, for zero bias, electrons diffusing into the
the native defectEL2 (Ref. 4 and the reverse contrast space-charge region from the bulk, neutralized thie2
center’ Recently, however, another way of employing thetraps, and reducel} close to its dc zero-biased value. With
positron to study defects in semiconductors has been sugpcreasing frequency the time available for 8e2* forma-
gested through measurements made of the positron mobilitjon on the reverse-biased half cycle diminished, causing a
in GaAs which revealed the presence of B2 deep-donor drop inl, at frequencies consistent with the known electron
level® In this alternative approach the positron essentiallyemission rate th&L2 donor exhibits at room temperature. A
acts as an electric-field sensor within a depletion regiordeficiency, however, with this preliminary investigation was
monitoring defect charge state transients due to carrier emighat it led to no exact determination of the energy of the deep
sion in much the same way as conventional deep-level trardonor, preventing a definitive assignment with the2 de-
sient spectroscop§DLTS) monitors these transients through fect. This was partly a result of no model being available to
junction capacitanc®.Indeed, since the reverse bias is thedescribe the charge transient effects on the positron drift, and
product of E;,,, the mean electric field within a depletion partly a result of the incomplete donor neutralization on the
region, and depletion widthl, the junction capacitanc€  trap filling half cycle. The motivation behind the present
andE,, are directly related. work was to address both of these aspects by performing
The possibility of using the positron as an electric-field further experiments over a more extensive frequency range.
probe arises through the intrinsic mobility of the particle in
the _semlc_ondl_Jc'gor lattice, the positron being a light quantum Il EXPERIMENT
particle with similar transport properties to the hole and elec-
tron. The particle’s velocity being directly dependent on the The samples used in the present study were undoped LEC
electric field,E, allows variations inE to be monitored by grown semi-insulating(Sl) GaAg100) obtained from ICI
one of two methods. The first is that of observing the posi-Wafer Technology Ltd. with a room temperature resistivity
tron drift velocity through the Doppler shift it produces in of 10° Q cm. The quoted free-carriéEL2 andC concentra-
the energy of the annihilation limeThe second, which is the tions were 6&10°, 1.5x10' and 18° cm™3, respectively.
subject of this report, is less direct and relies upon observinghe sample preparation, sample biasing and the lifetime
the fraction of positrons that, under the action of the electricspectrometer were identical to those used in our previous
field, drift to an interface within the annihilation time of the study and details may be found in Ref. 8. To reduce errors
particle’ associated with source annihilations, however, the Ni foil
The present work is a continuation of the PAL study per-encapsulated source was replaced byGi of NaCl di-
formed previously in our laboratory in which significant rectly deposited onto one of the Au metalizations, the latter
fractions~10% of positrons implanted from%@Na radioac-  being earthed by way of thin Au wires attached by silver
tive source were electric field drifted into microvoidsith paint. An important improvement over the previous work
characteristic positron lifetime-400 pg at the Al/GaAs and was that instead of just removing the bias in the trap filling
Au/GaAs interfaces upon application of a reverse Bigs.  half of the cycle, the positron injecting contacts were subject
this previous worksee Sec. IV of Ref. )Ban ac square wave to a 115 V forward bias so as to allow thermal carriers to
was applied to the positron injecting contacts of the sandpenetrate more effectively the space-charge region for neu-
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FIG. 2. The fitted Au/GaASI) interfacial intensitied’, (solid
FREQUENCY (Hz) circles and If2 (open circleg in the reverse-biased and forward-
biased half cycles, respectively, of thell5 V square-wave bias,
FIG. 1. The intensityl, and the lifetimer, of the long-lived  plotted as a function of bias frequency. These data have been ob-

interfacial (microvoid) spectral component in the positron lifetime tained by fixingr, at 410 ps. The solid and dotted lines show the fits
spectra from Au/GaAs Sl samples on the 115-V reverse-biased hal thel; andl ! data using the deep-level transient model described
cycle of an applied square-wave bias shown plotted against the biag the text.
frequency.

The 7, values(see Fig. 1 show a scatter aroune400 ps

in agreement with our previous stulyHowever, it may be
tralization of the ionized deep donof&L2"). This neutral- noted that ther, data exhibit a definite inverse correlation
ization (or trap filling) process was not complete in the ear-with | ,. This correlation is simply an artifact of least-squares
lier study except at the lowest frequencies making theoreticditting spectra with limited statistic&L0° counts and insuf-
modeling of the data difficult. The present study was perficient instrumental resolution. There are two undesirable
formed at 295 K, with 10 counts collected per spectrum, features about this effect. The first is that it is difficult to
over the more extended range of frequencies from 1 mHZ t@scertain the exact value ef that is required for both cor-

1.2 kHz. A synchronized gating logic pulse from the pulseé et extraction ofl, and for modeling. The second is that a
generator allowed lifetime spectra to be collected in coinciq

g ith either th binsed he 1 d-bi f?rger than expected scatter results in the fitted values of both
hglr;cceycvlvéts either the reverse-biased or the forward-biase >, and r,. Reverse biased spectra collected with sequentially

Following the procedure of our previous PAL stubfe- higher statistics, however, showed a convergence,db

time spectra were initially analyzed assuming only two ex-A'loi4 ps for coincidence counts abovex 80°. This value

ponential components. However, as a result of systemati1‘\[‘\,/as thus taken as belng glose to the real valug,aind was
changes in the lifetime, and intensityl , of the fitted long ixed in a subsequent fitting S0 as to remove thg u_nwanted
component as spectra were collected with sequentially high&orrelatlon_ effect and the as_somated ampllfled_startlstlcal scat-
statistics of up to &10° counts, it was discovered that a low t€r- The fitted results of, in both reverse biasl;, and
intensity(0.05% 1800-ps component was also present in theforward bias,| 5, plotted against frequency of the applied
spectra. This is most likely attributed ¢sPs associated with bias are shown in Fig. 2. From its dc value-©8.5% at low
surfaces or spaces between source foils and sample. Both tfrequency the value of, is seen to rise to a maximum of
intensity and lifetime of this third component were kept fixed ~13% around 0.4 Hz from which it reduces at high frequen-
in all subsequent spectral analyses to remove any perturbaies to the value of 5%. This latter value characterizes the
tion to the important second compongrt400 p3 associ- sSystem with a low residuaEL2" charge layer behind the
ated with the Au/GaAs interface. The resulting free-fitted metal-semiconductor interfacé,and since a similarly low
andr, values are shown in Fig. 1 for spectra taken under theralue is observed fdrg at all frequencies it is concluded that
reverse-biased half cycle. As found in Ref. 8 the valué,of trap filling in forward bias EL2 " neutralization is fast and
(reverse falls significantly in the range of 1-100 Hz as a essentially complete. In the same context, it is also noted that
result of there being progressively less time for thethe dielectric relaxation timéep) of our bulk SI-GaAs is
EL2°-EL2" transition. Also seen in Fig. 1 is a noticeable ~10“*s and thus at the relatively log«-kHz) frequencies of
drop inl, as the frequency is reduced from 1 Hz to 1 mHzthe present study there is no significant lag between the ap-
(where the dc value for,~8% is obtaineg plication of the bias and the onset of trap filling.
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lll. THEORY
The observed frequency dependencé ‘ofmay be under- (a)Forward B
stood by first considering over one period of the applied bias, Bias
the spatial and temporal variations of the electric field, as B,
sensed by the positron and that are produced byEth2* S ‘ x
space charge in the sample. A neutral deep donor emits elec- l
trons to the conduction band at a rate per center given by N7
en:NCO'U E'Xﬂ:—(EC—Er)/kBT] (1) > X
(b) Reverse IEl |
while when ionized it captures electrons at a rate per center Bias \Lﬁ\
of
I
T
|

whereN is the conduction-band effective density of states,
o is the thermal electron capture cross sectiois the mean
thermal electron velocityE-—E is the energy difference
between the deep level and the conduction band naisdhe
density of electrons in the conduction bah@ihe density of
ionized donorsN ., is given by the rate equatich.

dN,
W:en(NT_N‘F)_CnN‘FY )

in which N is the donor concentration ary is that value

i . .- . X : AulGaAs GaA
pertaining to the spatial position being considered. As noted  Interface S
in Ref. 8,c, approaches zero in reverse bias becausg- o 1

proaches zero across the sample when carrier entry into the
conduction band is blocked by way of the Schottky-like
Au/GaAs junction. Solving3) in the reverse-biased half pe- .
riod (0<t<7) the ionized donor concentratidi, is found to
be of the form

FIG. 3. A schematic diagram of the electric-field and charge-
nsity profiles in the SI-GaAs assumed in our model(&8rthe
reverse-biased ang) the forward-biased Au/GaAs junction. The
lower diagram pictures the interface and electric-field regions and
the open circles in the Au/GaAs interface regiota@nihilation rate

\,) representing positron trapping microvoids, andvg are the
positron drift velocities in the subregion®\land 1B, respectively,
while in the forward-biased half periogr<t<27), whenn  ©f the GaAs(annihilation ratexy).

takes on the thermal equilibrium value as carriers move in
from the bulk, the value of ionized donor concentrathoh

is found to be

N, =Ny(1—A.e o), @

eN(1-B)W,
(Eqa(t))= %

N e[N. (1) — Nt B]J[W(t) —Wo] N

N’ =NrB+N[(1-Ae o)~ gle ™ =7 (5) .

=

where A _=(1- B)exp(—e,72)sinh{(e,+ c,) 72}/sinh{(2¢,
+c,) 72} in both (4) and (5) and 8=¢e,/(e,+C,).

To describe the spatial and temporal variations in the
electric field, it is noted that under the “depletion
approximation”?? there are three discrete regions in thein which E,=I(t)R,/d is the electric field in region @,

semiconductor. These are as shown in Fig. 3, and are, respagy), R, | andd being, respectively, the reverse current, the
tively, designated as regiomAl(0<x<W), which is always |k resistance, and thickness of the sample, and
fully ionized through the natural band bending of the contact,

N, (t)

region 1B [Wy<x<W(t)] where ionization occurs as given 2¢
W(t)= V—=I(t)Ry+ —— ¢y,
eN, (1) Nt

€[N, (t)— N-BI[W(t) — W,
(Eyat)) = [N ( T2,38][ ( ol

+E,, (6

1/2

by Egs.(4) and(5), and region T (x>W(t)) the electrically (7)
neutral bulk in which the ionized donor concentration is
compensated by a residual ionized acceptor chalye, is the depletion width which reduces Wy= \2e ¢y, /eN;
(=N¢B). The mean electric fields in regionsAland 1B,  when in forward biad/-IR,=0, ¢, is the built-in potential
obtained upon spatial averaging the electric fields within th€band-bendingof the contact.

sample of permittivitye and charge density=e(N_ —N,), To describe positron drift to the interface an implantation

are profile of the formP(x) =a exp(—ax) is assumedg * be-
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ing the mean implantation deptf#:!! The subsequent
electric-field drift in regions A and 1B is approximated as

from which small changes iE-E; cause large changes in
e, if the temperature is held constant. Sirgedepends on

uniform with mean drift velocities , andvg . Drift in region
1C is ignored as the positron current fronC1to 1B is
negligible at all field strengthsE, encountered(<500

V cm™1). Taking the annihilation rates for drifting and mi-

crovoid trapped positrons as; and \,, respectively, and

both ¢ and E--E+ [Eqg. (1)], neither of these quantities can
be deduced independently of each other. Electron capture
cross sections foEL2 are, however, generally accepted to
be in the range of 12810 ** cm 2 (Refs. 13, 17-1pfor
doped materials. Adopting a value in this range for the

solving the rate equation for the number of positrons in thepresent semi-insulating GaAs introduces an uncertainty of

interface state,(t) (Ref. 8 with n,(0)=0 and an incoming
positron current,
j(t)=Nave (@At 0<t<Wy/va

:NavBe—(avB+)\1)—aW0[1—(vB/vA)],
W0/UA<t<W0/UA+[W(t)_Wo]/UB, (8)
an exg—A\,t) spectral component is found of intensity

avp

()= ————— 1_efaW0[1+()\1/avA)]
2(t) avat AN

e (ava+AN) vg
(avgt+AN) v
><[1_e—a(W(t)—WO)[l+()\1/avB)]])], (9)

+0.02 eV in the fitted value dE-Et. This, however, is not

the only systematic error on the trap energy. Uncertainty of
the model parametersy (+15 cnfV ™ ls ) and N
(£5%10" cm®) introduces, respectively, additional uncer-
tainties of =0.02 eV in the trap energy. Changing the im-
plantation parametew, however, over the relatively large
range from(40 um) ! to (60 wm) ! produces no perceptible
change in the modeled peak position. We thus quote for
Ec-E afitted value of 0.8€0.010.05 eV, where the first
error is statistical and the second systematic. The latter error
is adopted as being reasonable since it lies between the ex-
tremes of perfect parameter correlation and total indepen-
dence.

The value ofE.-E for EL2 found in the literature has a
wide range of quoted values ranging from 0.718 to 0.93 eV
with the typical quoted errors being less than 0.01%&%.
However, for well characterized, non-semi-insulating mate-
rial a value forE.-E; of between 0.81 and 0.83 eV is most
widely quoted:>~1’ Such values are in good agreement with

whereA\ is the difference between bulk and interface anni-our present and previous wdrlon semi-insulating GaAs,

hilation rates\; and\,.'?

IV. RESULTS AND DISCUSSION

Equation(9) gives the instantaneous value iog{t) and

indicating that the doping of the material does not have a
marked influence on the structure of th&2 defect.

The fitted curve for the forward-biased intensity, with
$,i=6 eV, is also shown in Fig. 2. Again a reasonable rep-
resentation of the data is obtained. In contrast tol thdata,

L, or over the trap filling half period to givéb. This has
been done numerically using Eq4), (2), and (4)—(7) to-

capture cross sectiom. This is because of the less effective
EL2" neutralization that occurs at high frequencies where

gether with the Bardeen-Schockley formula with longitudi- carrier capture occurs for only half the available time. Un-

nal velocity of sound 4.810° cm s ! and a low-field posi-
tron mobility of 45 cniV~1s™! for calculating the drift
velocitiesv, andvg from the mean fields of Eq6).° In

application of Eqs(1) and (2) we have as in Ref. 5 taken

v=4.5x10" cms ! and No=4.7x10"" cms™%, while for
Egs.(4) and(5) N; has been taken as the quotet2 con-
centration of 1.5 10 cm™3. In computing Eqs(6) and (7)
we have takerR,=5x10" Q, d=0.05 cm, ande=12.4,.°
The dc current of 410 ° A at the reverse bia¥=115 V
was taken forl (t) (transient currents fronEL2" charging
being always less than 1% of this dc valulh computing
i,(t) from Eq.(9) we have takernr=(50 um) 1,12 \,;=(230
p9 13 andr,=(410 ps~*. SinceA,, and hencé\', through
Eq. (4) depends just on the emission r&ein the fast cap-
ture regime ¢,>e,), |5 is only e, and notc, dependent. A
visual fitting (curve shown in Fig. Rof the 1}, data gives a
value fore, of 0.114+0.002 s. Apart from the lowest fre-
guencies(below ~20 mH2 the fit to thel ;, peak is in re-

fortunately, our |, data are of insufficient accuracy to allow
any precise determination of but the observed rise 6f1%

in intensity at frequencies abovel00 Hz is quite consistent
with the above-mentioned range of cross sections for the
EL2 defect.

The unrealistically large fitted natural band-bending value
of ¢,;=6+2 eV deserves further comment. This parameter is
dominant in controlling the value ofg and the high-
frequency value ol),. Thus an error in compensating for
source annihilations could account for the large value. On
the other hand, as considered in Ref. 8, it is likely that some
of the contribution tol ; results from a near surface super
exponential form for the implantation profile. Our model,
assuming a perfect exponential implantation of thermalized
positrons over the whole sample, underestimates the fraction
of positrons stopping within the natural depletion width
(Wp). In addition, the breakdown of the depletion approxi-
mation, assumed in the above modeling, at the metal-semi-

markably good agreement with experiment, showing the esinsulator junction could also be playing a r8l&he only

sential correctness of our model.
It is found that the position of thE, peak is sensitive to

parameter in our model that can compensate for such errors
is ¢y Which must be set at unrealistically large values in

Ec-E+ and fairly insensitive to other parameters. This sensi-order to mimic a larger depletion region for capturing posi-
tivity arises from the strong exponential dependence of thérons. The same arguments also explain why the low-
electron emission rate, on Ec-E;, as seen from Eql), frequency reverse-bias data is high compared to the modeled
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curve, for at low frequencies the depletion zone is narrowindicates that such positron studies may in some instances
and positrons are preferentially collected from the near sureffer advantages over conventional DLTS, such as, for ex-
face region. ample, not necessarily requiring temperature variation for the
Thel ;, peak results from two competing processes. In thejetermination of trap energialthough without doubt varia-
first place the mean electric fiell experienced by positrons tion of temperature and a subsequent Arrhenius plot would
in the depletion region increases steadily with time in reversgead to a more accurate value being obtajnétbreover, the
bias, which leads tol, monotonically increasing fact that the positron can respond to electric-field transients
(as~au,El{ap E+AN}) with bias period. However, as occurring down to the nanosecond time rafigecause of its
the electric field is increasing, the width of the depletionshort lifetime~0.2 ns in semiconductorsould also lend an
region is decreasing and this leads to a lesser fractioadvantage over capacitance transient measurements, since
[~(1—e~“W)] of the implanted positrons being within the the latter cannot be effectively measured at submillisecond
strong field of the depletion region as time elapses. There iBmes. Such fast measurement of electric-field transients
thus some optimal elapsed time, after the onset of reverseould mean that trap levels occurring much closer to the
bias, for which the positron current to the interface is maxi-conduction and valence bands could become accessible at
mized, giving rise to some optimal frequenty0.4 Hz at  liquid-nitrogen temperatures and above. For such measure-

295 K) for maximizingl},.%* ments on doped semiconductors the use of a low-energy pos-
itron beam for implanting positrons into narrow depletion
V. CONCLUSION regions would be necessary and would greatly enhance the

sensitivity of this type of measurement.
In summary, the present study has demonstrated that the

type of information available using a conventional DLTS

technique, such as trap energies and cross sections, can be ACKNOWLEDGMENT

obtained to a reasonable degree of accuracy by monitoring

the transient electric fields in the depletion region of a semi- Helpful discussions with C. V. Reddy concerning the
conductor by way of positron drift to an interface. It also DLTS technique are gratefully acknowledged.
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