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Evidence for two distinct defects contributing to theH4 deep-level transient spectroscopy peak
in electron-irradiated InP
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Deep-level transient spectroscof@LTS) has been used to study the dominant deep-leMelproduced in
InP by electron irradiation. The characteristics of H# peak in Zn-doped InP has been studied as a function
of pulse durationt;) before and after annealing. Our results show that at least two traps contributetid the
peak: one is a fast trafabeledH4;) and the other is a slow trafabeledH4s). This is shown through several
results concerning the activation energy, the capture cross section, the full width at half-maximum, and the
peak temperature shift. It is shown that both traps are irradiation defects created in the P sublattice.
[S0163-182608)04644-X

I. INTRODUCTION nr=N[1—exp(—Cptp)], (1)

Due to the growing importance of InP in electronic andWhereNr is the total trap concentration ari, is the free
optoelectronic devices and in solar cells resistant to radiatioff®!€ capture rate. The change of the capacitance of a reverse-

damagé? considerable work has been devoted to the invesPi2sed Schottky diode after the application of a filliagro

tigation of the irradiation-induced defects in this material.b'as) pulse of duratiort, is given by

The defects detected by the deep-level transient spectrosco

(DLTS) technique in p)—/type rocl)om—temperature iraadiated i AC(ty) =ACmal 1= exp(=Cplp)], @
samples aréd4 andH5 hole traps. The origin of these de- whereAC,,,,is the maximum change of the capacitance due
fects has been under discussion for many y&ar8niso-  to filling all the trapsNy. C, depends on the peak tempera-
tropic introduction rate measurements revealed tHdt  ture T, through the relation

originates in the P sublattitevhile H5 originates in the In

sublattice® Annealing studies, pure thermal and recombina- Cp=ovp=o.vp exp—Eg/kTp), 3

tion enhanced, showed that these defects are not simple ong$are s is the hole capture cross sectienthe hole average
but rather are complexes resulting from the association ofermal velocity,p the free hole concentratiofEg the cap-
primary defects and impurities. The complex annealing betyre parrier energy, ankl the Boltzmann constant. Because
havior of these defects supports this interpretafidfihe H4 T,, increases with the pulse frequentgne can fill the de-
annealing kinetics in Zn-doped material was found to besjred fractionn; by applying pulses of convenient width
nonexponentid™**® while in Cd-doped material it was and frequency. In order to detect slow traps, the product
found to be exponentidf. Empty (of hole) defects anneal Cptp, Which determines the refilled fraction, should be in-
faster than the filled onésWhile almost all the defects creased. Sinc€, is approximately proportional th t, andf
(more than 90%forming H4 anneal out thermally, a sub- should both be increased. However, in the double lock-in
stantial part(about 25% of them survive after injection- method there is a limitatiort,f < 1/4.
enhanced annealing. In the next section we describe the experimental details
Defect transformation{4—H’4) under thermal anneal- and in Sec. Il we report our results concernidg. Sections

ing or minority carrier injection was reportédAccording to v and V are devoted to the discussion of the results and the
those author$l4 anneals by transformation into another holeconclusion.

trap (H'4), which gives rise to a DLTS peak at almost the
same temperature &$4, but has a higher activation energy
and a much lower hole capture cross section, and hence is
not detectable using conventional DLTS equipment. A spe- The samples used in this work are the same as those that
cial electronic setup with very long filling puls€d s was  have been the subject of a previous stfid@hese are a series
needed. of identical Schottky diodes of Zn-doped InP grown by
The aim of this paper is to report experimental evidencdiquid-phase epitaxy on Zn-dopep-type InP substrates.
for the existence of at least two distinct traps contributing toOhmic contacts were realized on tipg -side by Au-Zn
the H4 DLTS peak and to determine their characteristicsevaporation and Schottky barriers were made by Ti-Au
The standard method for resolving superimposed DLTSevaporation on the epitaxial side. The hole concentration at
peaks corresponding to traps differing in capture cross secoom temperature, determined from capacitance-voltage

II. EXPERIMENTAL DETAILS

tion is to use short filling pulse widths ) in order to fillthe ~ measurements, was approximately X207 cm™3. Irradia-
fast traps only, the filled fraction; being given by the fill-  tions were performed at room temperature using an electron
ing relation(in p-type materia): Van de Graaff accelerator, in the electron energy range 0.3—
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FIG. 1. H4 peak height vs filling pulse widtflogarithmic scalg
before(+) and after annealing at 110 °C with 2.5 V reverse bias
for 10 min (A) and for 60 min(¢).

1.6 MeV. Electron doses were chosen in such a way that th
concentration of free holes after irradiation did not differ by
more than 10% from the initial value. The electron current
densities did not exceed O5A cm? to insure that the

sample temperature did not rise more than 10 °C during ir
radiation. C-V curves and DLTS spectra were recorded af-
ter irradiation and after successive isothermal annealing
with and without the application of 2.5 V reverse bias. In
recording the DLTS spectra the temperature-raising rate we
chosen to be as low as 3 °C/min and a special sample hold
of large thermal capacity was used to insure thermal homa
geneity between the sample and the thermocouple. This wz
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found to be essential for detecting small temperature shifts of

DLTS peaks.

The refilling (zero biag pulse amplitudeAV was chosen
as low as 1 V inorder to stay in the linear part of the peak
height S versusAV for any t, to minimize the internal
electric-field effect* DLTS spectra were recorded using a

FIG. 2. (a) H4 peak height vs filling pulse widtfogarithmic
scalg in annealed samples plotted at 5.55 tk), 3.33 Hz (@),
1.40 Hz (#). The experimental results fit very well the curves
representing the filling relatio(?). (b) The plot of o1 (T) vs 11T.

Boonton S4910 capacitance meter and PAR-5204 lock-imnset of which is approximately= 0.5 ms and that does not

analyzer for a series of the filling pulse width ranging
from 5x 10 © to 5x 1072 s. For every filling pulse duration
a series of pulse frequenciesanging from 1 up to 0.1} Hz
were used. For every recordetlt peak the following quan-
tities were carefully measured: its heigtits full width at
half-maximum (FWHM), AT, and the temperature of its
maximumT ,.

lll. RESULTS

Figure 1 shows thél4 peak heightS versus pulse dura-
tion t, on a logarithmic scale, measured before and afte
thermal annealing at 110 °C with 2.5 V reverse bias applie
on the sampldempty traps These results fit very well the
curves plotted using the following relation, which is the sum
of two filling relations(2) taken with appropriate parameters

Sm1s Smzs Cp1, andCpy:

S(tp) =Sml[l1—exp— Cpltp)] + Smal L —exp(— Cp2tp)](-4)

This strongly suggests th&tis the sum of two signalS,; and
S, arising from two different defects: a fast ond4) giv-
ing rise to a signal that saturates at approximatgly
=0.05 ms and a slow onéH@s) giving rise to a signal, the

@

saturate even for,>50 ms. It can also be seen from Fig. 1
that the thermal annealing leads to a reduction of ke
signal for the whole range df,. An annealing of approxi-
mately 100 min leads to a practically undetectable signal in
the smallt, range €,<0.5 ms) while approximately 20% of
the initial signal persists in the largg range €,=10 ms).

The persisting signal remains unchanged even after several
hours of annealing at higher temperat(ue to 150 °Q. To
determine the main characteristics of these two defects, we
shall present our results deduced from the recorded series of
LTS spectra for two categories of irradiated samples: com-
letely annealed and unannealed samples. By “completely
annealed” we mean that the fast defect has completely an-
nealed out.

a. Completely annealed samplesThese samples still
give, even after annealing for several hours at 150 °C, a non-
negligible H4 peak when filling pulses of relatively large
duration ¢,=1 ms) are applied. The peak height increases
with t,, in accordance with the filling relatiof®) [Fig. 2(a)].

The hole capture cross sectien has been determined at
various temperatures using relatio(® and (3) (corrected
for double lock-in detectioh). It was found Fig. 2(a)] that it
is impossible in practice to fill all the traps in order to deter-
mine Nt. The saturation of the DLTS signalC,,, was



15616

o tp=1ms

l N t,=35ms

-12

48 5 52 5.4

1000/T (K™")

5.6 58

FIG. 3. H4g signature(in annealed samplgsecorded at,=1
and 35 ms.

obtained by computer fitting. Figurgl® shows the plot of
In o(T) versus 1T from which we have deduced the follow-
ing relation foro :

o1(T)=8x10° exp(—0.19 eVKT) cn? (5)

The signature, Irq)/Tz) versus 1T, is plotted in Fig. 3 ac-
cording to
e,= yo T exp(—AE/KT,), (6)

wheree, is the hole emission rate angdis a constant de-

pending on the carrier effective mass and the degeneracy

factor. The apparent activation enerfy{,; determined from
the signature was found to be decreasing wjtrom 0.42 to

less than 0.3 eV whety increases from 1 to 50 ms as can be
seen from Fig. 4. We will discuss this in the next section.

Figures %a) and 5b) show that increasing, leads to an
increase in the peak temperatdrg; and to a decrease in the
FWHM, AT,, of H4. The FWHM of a DLTS peak can be
deduced from the derivative of E¢) with respect toT.1®
Figure 6 shows that the measured valuesAdf, at t,
=35 ms fit fairly well the theoretical curve plotted favrE
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FIG. 4. Activation energy oH4 andH4g as a function ot .
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FIG. 5. H4 peak temperatur@) and FWHM (b) as a function
of t, in the annealed samples measured at two different pulse fre-
guencies.

=0.4 eV, while att,=1 ms the measured values are higher.
This will be discussed in the following section.

b. Unannealed samplesHaving determinedC,; for the
slow defect, one can make the first term in relatidhneg-
ligible by choosing the appropriatg andf. The condition to
fill the fast defect alone could be set @g,t,<<0.01. Then
only less than 1% of the slow defects is filled. The deduced
capture cross section for this fast defectis

o(T)=1.9x10 ¥ exp —0.05 eVKT) cn?,  (7)

which is five orders of magnitude greater thapat 150 K.

The apparent activation enerdye, determined from the
signature was found to be 0.3®.01 eV and it does not vary
appreciably witht, (Fig. 4).

Figures 7a) and 1b) show that the FWHM increases with
t, starting att, at approximately 1 ms, which corresponds to
the onset oH4g, and that the peak temperatufg starts to
increase at the santg. The measured values T, are
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and 35 ms and the theoretical curdd vs T,, for AE=0.40 eV.

compared with the theoretical curve plotted fa&XE

=0.35eV in Fig. 8. A very good agreement is observed for
t,=0.05 ms in the high-temperature range, while in the low-Z s |
temperature range and fog=15 ms the peak is noticeably .* \
broadened. This will be discussed in the following section.

s ¥ b
IV. DISCUSSION
We have been able to resolve thgl peak in two com- iyl
ponents due to the great difference in their capture cros
sections and annealing rates. This allowed us to determir 170
0.001 0.01 0.1 1 10 100

the main characteristics of the two defects. The nonexponer
tial annealing behavior ofi4 in Zn-doped materiaf may

be accounted for if we take into consideration that the mea- s 7 FwHM (@) and peak temperatur®) of H4 vst, in
suredH4 contains two components, one of which anneals af,annealed samples measured at two different pulse freq%encies.
temperaturd with annealing rat& while the annealing rate

of the other at this temperature is extremely low:

tQ {(ms)

in annealed sampld§&ig. 5(b)] could be a result of the pres-
S=S,+S, exg —K(Tt], (8)  ence of a saturated trap with slightly low&g, and lower
concentration. Increasingy, increases the contribution of
whereS; is the stable component arising from the slow de-H4g and it finally becomes dominant, while the concentra-
fect, S, is from the fast one, antis the annealing time. The tion of the saturated defect remains constant. This is con-
fact that the nonexponential annealing is observed in Znfirmed by the increase of, with t, as seen in Fig. @). In
doped and not in Cd-doped material suggests that the slowig. 6 too, the FWHM values measuredtgt=1 ms in an-
stable defect is related to a Zn impurity-defect complex. Furnealed samples are higher than those measured, at
ther investigation on Cd-doped InP should be carried out to=35 ms.
confirm the absence of the slow defect in it. The decrease of the apparent activation enéfy with
The comparison of the amplitudesig#s before and after t, measured in annealed sampl(&gg. 4), is due to the fact
heat treatmentthat anneals ouH4g) did not reveal any that when we increasg,, Ty, increases togsee Fig. %)].
increase ofH4g as a result of a possible transformation This explains the shift of the experimental points fipr
H4r—H4s. This suggests that both defects are created dur=35 ms towards higheT, relative to those at,=1 ms as
ing irradiation. The increase of the FWHM and Bf, with  seen in Fig. 3. However, when the pulse duration is large the
t,>1ms observed in unannealed samplBgs. 7a) and measurements can be performed at lower frequencies only,
7(b) and Fig. § is easily explained by considering the fast i.e., at lowerT,, in a relatively small range of T/and there-
and the slow components ¢f4. The increase of FWHM fore the deduced value of the activation energy is not accu-
observed in the low-temperature part of Fig. 8 is probablyrate. We have notice(Fig. 3) a slight decrease in the signa-
resulting from the effect of the internal electric field on the ture slope at the low-temperature end of it. This is probably
emission rate, which is more important at lower due to the effect of the internal electric field, which is more
temperaturé! The decrease of the FWHM with, observed  important for lowT, in highly doped diodes. The calculated
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value of this field in our diodes is about K30’ V/m. This i
makes the value of the activation energy deduced from the
low-temperature part of the signature even lower.

In much of previous work, thel4 peak was considered as
corresponding to only one kind of defect. In view of our
present results in which we have clearly shown that at least
two distinct kinds of defects contribute to this peak, it is
necessary to revise these studies. In particular, the introduc-
tion rate ofH4 as a function of incident electron energy was
measured in Ref. 6 for two opposite directions of irradiation:
[111]P and[111]In. It was concluded that the defects giving
rise toH4 originate in the phosphorus sublattice. The mea- e
surement of the peak height in Ref. 6 was performed after ‘
irradiation(before any annealingising filling pulses of 5 ms
width. This means that the measured peak corresponds tc” Electron Energy (MeV)

H4g+H4s. Figure 9a) shows the same results after deduc- i 9. Introduction ratey vs electron energy foH4 (a) and
tion of H4s. The results of the measurements performed ony 4 (p) for irradiation along thg111]in and[111]P directions.

the residual peak recorded after annealiffigr 1 h at

150 °Q, which corresponds tbl4g, are shown in Fig. @). could be found. (iii) Both H4r andH4g originate in the P

In this figure the introduction rat was corrected to take in sublattice[Figs. 9a) and 9b)]. (iv) While the secondary
account that the 5-ms pulse fills only about 20% of thesecollisions seem to have the effect of slightly increasing the
defects. From the lower-energy part of these figures, wherkl4r introduction rate at high incident electron energy, the
7111]P>7{111]In, one concludes that boti4r andH4g  opposite is observed fdd4s. (v) H4¢ has a much higher
originate in the P sublattice. The interesting feature of thesannealing rate thai4s and it anneals out in a first-order
figures is that, when increasing the electron energy, botlinetics. Its annealing rate depends critically on its charge
7{111)P and 7{111]In tend to increase slightly foH4r, state and it can be annealed by minority carrier injec-
while for H4g they tend to decrease, contrary to the saturatedion. (vi) H4g has a much smaller hole capture cross sec-
behavior predicted by the McKinley-Feshbach mdfigr a  tion (at 150 K) and smaller capture barrier energy thadg
primary electron-atom collision. This indicates a possible[Egs.(5) and(7)].

role of secondary atom-atom collision in creating these An identification consistent with the experimental facts
defects>®**°However, any attempt to identify the defects (i)—(v) for H4 could be either the phosphorus vacane)
responsible foH4r andH4g should take into consideration or the vacancy-interstitial Frenkel paiW¢-P;). This is in

the following facts: (i) H4f is found in both Cd- and Zn- accordance with what was proposed by a number of
doped material whileH4g is found in Zn-doped material investigatorg:”8 H44 could be tentatively identified with a
only. (ii) Both H4¢ and H4g are produced during room- V,-Zn association. In fact, the observed decrease of the in-
temperature electron irradiatigqsee Fig. 1 and no indica- troduction rate with electron energy reflects the diminution
tion of transformation from one to another during annealingof the probability to form &/, adjacent to Zn atom in favor

)
om
»

» M

Introduction Rate (cm”

"

0.6 1.2 1.8
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of forming divacancies\(,-V,) or other complexes by sec- =0.36 eV) anneals out at 110 °C, and a slow oHé§) with
ondary collisions between the displaced P atom and tha much smaller capture cross section and higher activation
second-neighbor P or even the first-neighbor In atom. This ienergy AE;=0.42 eV) that is stable even at higher tem-
due to the increase with the electron energy of both the meaperatures. A third defect of a much lower concentration con-
recoil angle and the mean energy transferred to the displacedbuting also to the same peak could be present. This model
atom?! explains all the experimental results and, in particular, it ex-
Evidently more theoretical work should be done to ac-plains the nonexponential annealing behavioHef in Zn-
count for the specific characteristics found fAdr and doped material as well as the peak temperature shift upon
H4s. From the experimental point of view, it would be in- annealing and the variation of the FWHM with the filling
teresting to see if thel4g introduction rate increases with Zn pulse duratiort,. Moreover, an analysis of the results con-
concentration. cerning anisotropic defect introduction rates enabled us to
show that both defectdH4r andH4s) belong to the phos-

V. CONCLUSION phorus sublattice.

We have proposed a simple model consisting of two dis-
tinct hole traps, created during irradiation, that contribute to
theH4 DLTS peak: a fast oneH4g) that has a larger cap-
ture cross section and lower activation energixEg
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