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Positron-lifetime study of compensation defects in undoped semi-insulating InP
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Positron-lifetime and infrared-absorption spectroscopies have been used to investigate the compensation
defects that render undopedtype liquid encapsulated Czochralski-grown InP semi-insulating under high-
temperature annealing. The positron measurements, carried out over the temperature range of 25—-300 K, reveal
in the as-grown material a positron lifetime of 288 ps which we associate with either the isolated indium
vacancyvfn’ or related hydrogen complexes. The shallow donor comylgid,, responsible for much of the
n-type conductivity and the strong infrared absorption signal at 4320 nm, is ruled out as a significant trapping
site on the grounds that its neutral state is present at too low a concentration. After annealing at 950 °C, in
conjunction with the disappearance of tigH, infrared-absorption signal, trapping intg,-related centers is
observed to increase slightly, and an additional positron trapping defect having a lifetime of 330 ps appears at
a concentration of~10' cm™3, indicating divacancy trapping. These results support the recent suggestion
that theV,,H, complex present in as-grown InP dissociates during annealing, foﬁnj,mf’*”)*(og n<3)
complexes and that the recombinationvgf with a phosphorus atom results in the formation of EL2-like deep
donor R, antisite defect, which compensates the material. It is suggested that the divacancy formed on
annealing isV|,Vp, and that this defect is probably a by-product of thedntisite formation.
[S0163-182698)02044-X

I. INTRODUCTION the trapping sites is in the range 265-275 ps, suggestive of
eitherV,, or Vp, monovacancy trappindii) The mean life-

In recent years, InP has been considered a potentially intimes found inn-type and S| materials are generally a few ps
portant material for the development of optoelectronic dedonger than those ip-type materials, indicating the presence
vices. Such devices often require InP in semi-insulat®ky  of more trapping center€:** Somen-type trapping centers
form as a substrate material. Until recently the only method:an thus be associated with the phosphorus vacep¢pos-
of forming SI-InP has been through Fe doping, in whichitron lifetime ~267 ps(Ref. 9] that is expected to become
deep acceptors compensate for the residual free electrons thagutral or negatively charged with the Fermi energy in either
are present even in the purest undoped as-grown substratége middle or the top of the band g&b*® The indium va-
However, the presence of the Fe dopant often affects devicggancyV,, [positron lifetime~283 ps(Ref. 9] appears to be
performancé:? The discovery that a semi-insulating state ofthe dominant trapping center irrespective of conductivity
the undoped liquid encapsulated Czochral@KEC)-grown  type. (iii) Electron-irradiation studies have revealed that al-
InP can be achieved by annealing at 800—900 °C in vacuurthough Frenkel pair defects produced in both sublattices
or phosphorus ambieht is thus a very significant break- have annealed out by 250 K, fractions ofV,, andVp pro-
through in InP technology. Although a great deal of interesduced under irradiation are not annealed out at room tem-
has been attracted by this transition frartype to semi- perature, and that these are stable to higher
insulating conductivity, the role of defects involved in the temperature$®'#!617This concurs with the observation that
compensation mechanism is still poorly understood and unboth V,, and V; (or related complex@sare stable, and are
der investigation. found in as-grown material.

As a sensitive probe for vacancylike defects, the positron- In this work, positron-annihilation lifetime spectroscopy
annihilation technique can be employed to obtain micro-has been employed, probably for the first time, to study de-
scopic information of defects, such as vacancy size, concerect configurations im-type undoped LEC-grown InP that
tration, charge states, and chemical surroundings ofias been made semi-insulating through long-time annealing
vacancylike defectd® The present knowledge of positron- at 950°C. As with other observet$!* we find in the as-
annihilation defect identification in InP defects may be sum-grown state a degree of positron trapping into what are prob-
marized as follows(i) Vacancy defects are usually present atably either V, or hydrogenV,, complexes. The infrared
low concentration in as-growp-type S| materials, anéh-  measurements reveal the presence of the shallow donor com-
type materials giving mean lifetimes in the range 243-247 pplex V,,H, that is dominant in making the as-grown material
which are longer than the bulk lifetim@36—241 p5'®**  n typel®® The annealed material reveals both a significant
although it appears that such trapping is not present in aihcrease in the mean positron lifetime, indicating increased
material*?'® The typical positron lifetime associated with vacancy trapping, and a total absence of\y#H, complex.
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These results are found to be in good agreement with the

recently proposed mechanism of,, Pantisite formation, T . . ——1| AS GROWN [
which shows that theV,H, complex dissociates into ) 1
V,,HE""~(0<n=<3) deep acceptorlike defects upon an- 6 (@ 1
nealing. The midgap | antisite deep donor forms through 245) T @ @O .
the recombination of &3 with a neighboring P atom to g oaal { o« a0 ]
such a degree that the remaining annealed-in deep acceptorsz

243 | E

are compensated resulting in the semi-insulating fbtithe 5

positron lifetime results also indicate a longer 330-ps com- & 242| ™ o — o ]

ponent that could possibly be associated with ¥he/p di- e al © 0. 0% o - °TTT o T

vacancies, and the removal of P atoms from their correct °©

lattice sites. 2401 . . . : . ]
300L (b)

Il. EXPERIMENT T
ssob M‘——\ ]

The sample used in this work was-type (n=3.4
X 10 cm™2) undoped LEC-grown InP, grown by the phos-
phorusin situ injection method® A Bio-Rad Hall system
was used to measure the resistivity and carrier mobility 240t 1
which were found to be 0.2 cm and 3740 cfV 1s 1, SN N SN S S S N
respectively. The sample was annealed by placing it into a [ ]
quartz tube along with a quantity of red phosphorus. The 200
samples were then annealed at 950 °C for 95 h at which the
phosphorus ambient was at a pressure of 60 mbar and then
cooled down to room temperature at the rate of 35" Ks
Infrared Fourier transmission measurements were carried out
before and after annealing under vacuum using a NIC-170
spectrometer, with the sample at 20"K.

Positron-lifetime measurements were carried out using a
fast-fast lifetime spectrometer with a resolutidall width at
half maximum of 235 ps. A 3x.Ci ?°NaCl positron source
was directly deposited onto the surface of the sample in order sl
to avoid source annihilations and the need for any correction. . . . . . .
The samples were mounted on the copper cold finger of a 109L 1
closed-cycle He refrigerator cryostat for low temperature
measurements. Each lifetime spectrum contained1c®
counts and was analyzed wusing the program of
POSITRONFIT?

260 p

1, and T, (ps)

(c)

1, (%)

K, (s)

Ill. RESULTS AND DISCUSSION

A. As-grown material

In a defect-free crystal, positrons are delocalized and an- 108 , ) ) . , )
nihilate, with a single lifetime component. When there are 0 50 100 150 200 250 300
defect-trapping centers present, where the electron density is TEMPERATURE(K)

lower, positrons will be trapped into localized states with _ o _

decreased annihilation rates. The average lifetime therefore FIG. 1. Positron-lifetime results as a function of measurement
increases, and the lifetime spectrum can in general be ddemperature for the as-grown statersype LEC InP.(a) The ideal
composed into several exponential components. The averadeP-trapping positron bulk lifetimer,™ calculated from the two-

lifetime, being the mass center of the spectrum, State trapping model, and the positron average lifetige (b)
Defect lifetime 7, and bulk state lifetimer; as obtained from two

exponential component fic) Relative intensity of the defect com-

o= E Nit, /Z N, (1) p_onentlz. (d) The defect trapping rate based on the two-state trap-
i i ping model.
can be obtained directly from a measured spectiinis the It was found that before the sample was annealed the

number of events at thich time intervalt; from some suit- lifetime spectra, measured in the temperature range of 25—
able post-time-zero channel. This makeg a quantity of 300 K, could be fitted well by a sum of two exponential
high statistical accuracy and one independent of the deconcomponents. The mean lifetimeg and 7, thus obtained are
position proces&.Figure Xa) shows an average lifetime of shown in Fig. 1b), together with the intensity of the longer
245 ps that varies little over the entire temperature range. componentl, in Fig. 1(c). It is reasonable to assume the
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simple two-state trapping mod€I'M) in which positrons are T - T " : '

transferred at some rate from the bulk state to the defect 005 E )

state® According to this model the bulk lifetime of positron 0,054 4
. . . .054 | o2 oomdxtz SROBEDS (e%)
in a nondefected crystal is given by: @oREass ‘9%/ Sl

[=}

(=)

53}

@

=0
1

= (l/m+15/m) Y, 2)
0.052} .
which is also shown in Fig.(&). The value ofrg™ is seen to
be ~241 ps across the entire temperature range, with a
slight shortening at lower temperatures consistent with lattice
contraction. The important point is that the average lifetime
is 3—4 ps longer than the delocalized bulk state lifetime as a g4} .
result of positron trapping by defects. The value of 241 + } t t —+ }
+1 psforry" is in reasonable agreement with the theoret- | | l
ical value 240 ps,and estimates from other studies on as- ' ®
grown material that suggest a value in the range 234-241
psl0-1216

As seen from Fig. (b), spectral decomposition reveals a
positron lifetime of 2825 ps, with an intensity of around
35%. Defect lifetimes around this value have often been re-
ported in electron-irradiated material, and have been associ-
ated with the indium vacancy,,. For example, Tqvist

0.051 | 4

TRANSMITTANCE

0.050 . 7

O

0.054 b

WWWM%W

0.053 ¢

TRANSMITTANCE

et al. attributed a 283 7-ps component tdv,,,!” while 0052 1
Bretagnon, Dannefaer, and Kerr attributed second lifetime . . ‘ . .
components in the range 263—-272 p¥tp(Ref. 10 andV, @200 4250 4300 43950 4400 4450
interstitial complexes$® Chen, Hu, and Wang, finding a simi- WAVELENGTH (nm)

lar ~270-ps component in as-grown InP of all conduc_tivity FIG. 2. FTR t . tra také bef i
types, concluded that the defect center must be dominantly o afer énnesir;]sm'ii'g”azzgf rt?ona ok Zg;;:‘gf%gg
due toV,, sinceVp would be positively charged and repul- 19- orption p

. . : a1 . . wavelength 4320 nm is the local vibration modevgfH, complex.
sive to positrons imp-type material! The V,, assignment is
also supported by theoretical calculations that place the life-
time of positrons trapped X, at 280—290 p$%%* The evi- , 3— Lo ,
dence is thus compelling that the trapping site we observe iﬁuggestlon ofVi, trapping is guestionable. However, a

the as-grown state is, even if not the isolatég some com- number of observations can be made. The first is that impu-
S-grov ' rity shallow acceptordmainly Zn, Mg, Ag, and Cpare
plex involving V,,.

To estimate the concentration of thg,-related trapping known to be present in the InP matefialat the 2

. ) . ) X 10"%-cm™2 level. These, being (%) in their ionized
site, we first compute the trapping rate. This may be done :

) States, are expected to form shallow positron traps and thus
using the formula

compete with vacancy trapping as the sample temperature is

ro— M g lowered, thus removing the expected temperature depen-
k(T)= lav. b - (3y  dence. Second, the, defect may not be in its simple iso-
T2 Tav " lated form, but is likely to be complexed with hydrogen

which is abundant in as-grown material. The presence of

which is derived from the simple two-state trapping mdtlel. h . et .
" X ; L . ydrogen ator(s) in association withv,, may only cause a
The variation of« with T is shown in Fig. 1d), and is seen small difference from the lifetime value. One form Wf,

to change little over the entire temperature range. The con-

. . . . complex, V,,Hs, is neutrally charge® and could be the
centration of positron trapping defed@scan be obtained by sougpht for ltnragping site. Tf?e othegr speciésH, and V, H

k=, /Ng)C, (4) are expected to be _singly and douny. negatively charged,
respectively, and their presence would imply the need to in-
wherek is the defect trapping ratgs, is the specific posi- voke shallow trapping once again to explain the obsetyed
tron trapping rate, anblly is the number of sublattice atoms temperature dependence.
in unit volume? Taking u, to be 4.5<10** s~ for neutral The presence of hydrogen in the as-grown InP in the form
vacancie$; andN to be 1.9810?> c¢cm™ 3 for InP, the con-  of the V,,H, complex is shown clearly in Fig.(d) through
centration of positron vacancy traps is found to bd.5 its Fourier transforr{FT)-IR absorption peak at wavelength
X 10 cm3. 4320 nm. From the estimated absorption coefficient of this
A complication with assigning the observed 282-ps com-ine, the intensity of this peak gives\g,H, concentration of
ponent toV,, is that the expected charge state of this defectat least~10'® cm™3. It is tempting to consider this complex
as judged from theoretical ionization levéfsis (3—), and  as the positron trapping center, especially because its con-
as such a strong increase in the positron trapping relatecentration is so close to that estimated from the positron
parametet , should be expected at low temperatfit&ince  trapping rate. However, there is a major objection to such an
our experimental results reveal no such variationgfand  assignment. In the first place it is known thgtH, is domi-
indeed a slight decrease at low temperature is noted, theantly ionized at room temperature, and is a major contribu-
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tor to the materialsh-type conductivity!® It is thus in the . . .

positively charged staté/(,H,) " state'® and as such is not 2521 (a) ANNEALED |
expected to trap positrons. The fraction of the complex in the 250 . o Tu ]
(V,H,)° state is estimated to be less than 10%, and is too i { ¢ * . . ® . ]
small to explain the observed concentration of trapping cen- g 248} d ¢
ters. 2 ousl
.,
2
B. Annealed semi-insulating material g 244r o
After the sample was annealed, the material became semi- 242} i © o o, _2Z2 =0~ — T °
insulating with a room-temperature resistivity of 2.8 240] - © ° ©
X 10" Q cm. At the same time, as shown in Figb® the . ' . . . '
FT-IR measurements gave no evidence of ¥py, absorp- 350 :
tion peak, indicating a thermal dissociation of this complex 340 ]
had taken plac& These changes can be explained by a gen- 330 ]
eral compensation mechanism model, which assumes that an 5
annihilation of intrinsic defects occurs upon annealing, and <, 3% 1
that the trap levels created play important roles in the o 310 .
compensatioR®> The more specific model of compensation 5N 300 ]
K

will be discussed below.

The results of the positron-annihilation lifetime measure-
ments, in the temperature range of 25—-300 K after annealing, 280
are shown in Fig. 3. As seen from Fig(aB the average
positron lifetimer,, has increased from the as-grown value
of 245 ps to 250 ps, indicating a general increase in the
degree of positron defect trapping. It was also found that two %0t ]
exponential components could no longer fit the spectra prop-
erly, and spectral decomposition into three components re-
vealed a third component of lifetime;=330 ps, with an
intensity of ~5%. The second component remained with a 10l
very similar lifetime 7,=285 ps. The 330-ps component is g °
indicative of a defect with a larger open volume, and sug- N
gests a divacancy trapping center. Indeed it has been reported 109 : L L - L '
that the divacancyV\(,,Vp) and divacancy-interstitial com- F
plexes in InP have positron lifetimes of 338 and 340 ps, @

290

40

I2 and I3 (%)
S

respectively:®?2 The presence of the 285-ps component sug- = K,
gests that som¥,-related defects remain after annealing. = A A L, A 4 A 4 A, a4
Solution of the positron annihilation rate equations in a o
three-state trapping model, assuming two different trapping E
ratesk, and k5 into the two different sites, yields the set of v
equation8 108| K,
_ W
TEM:(|1/71+|2/7'2+|3/’T3) l,
0 5I0 1 (I)O 1 éO 2(.)0 2&0 3(I)0
ko=t =1m)l5, (5 TEMPERATURE(K)
k3= (1llri—173)l5, FIG. 3. Positron-lifetime results as a function of measurement

L . temperature for the annealed SI-In@) The ideal (no-trapping
wherel, andl; are the relative intensities of the two defect positron bulk lifetimer™, calculated from the three-state trapping

components. Figure(d shows that the bulk lifetime;™ is model, and the positron average lifetimg. (b) Defect lifetimesr,
still around 241 ps. Since the value derived from the threeand 73 as obtained from the three-exponential-component(djt.
state trapping model is in good agreement with the preanne®&elative intensitied, and |3 of the two observed defect compo-
value of Tg'\" , the reasonableness of the three-state model inents.(d) The trapping rateg, and «5 of the two defects based on
describing the system after annealing is indicated. The fittinghe three-state trapping model.

results for both as-grown and annealed cases are listed in
Table I. The values ok, and k3, calculated in this model,
are shown in Fig. @). These values allow us to estimate the
concentration of the&/,,-related defect285 pg, and of the
divacancy(330 pg in the semi-insulating form. Using the
same specific trapping rate as used for the as-grown case, the  4(V|,H,) "+ 10e™ — (V| jH3)°+ (V| 1H,o) ™

values obtained are 1610'° and 3.0< 10" cm™3, respec-

tively. +(VigH)?~ + Vi +10HT.  (6)

Following the model of Ref. 19 the disappearance of the
VnH4 FT-IR absorption peak arises from the dissociation of
the V,,H, complexes intd/,,H® "~ (0<n=2) complexes,
and finally the isolated/f’n’ during annealing:
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TABLE 1. Positron annihilation lifetime results before and after (8) gives a possible source of a divacancy defegtformed
annealing. through this reaction could be in the vicinity of an indium
vacancy and form th&/,Vp divacancy or hydrogen associ-

Before annealing  After annealing (950°C) 4104 forms of this defect. Clearly more studies at intermedi-
1, (%) 35 33 ate annealing times could give further evidence to support
I (%) / 5 this picture.
71 (P9 223 218
72 (P9 282 285 IV. CONCLUSION
73 (ps')_l / R 33503 Positron-lifetime measurements carried out on LEC-
"2 (S_l) 3.3x1 3.6x1 S grown InP have shown that the average positron lifetime
KT3M(S ) ! 7.5x10 increases from 245 to 250 ps upon annealing, manifesting
T (P9 241 241 stronger positron trapping effects in the annealed state. Two
Tav (P9 245 250 defect components are separated in the annealed semi-

insulating state. The first is of similar structure to the trap-
ping center found in the as-grown InP, and has a lifetime
~285 ps. It is argued that this is most likely to be due to
hydrogen V,, complexes of the formv,,H ™~ (0=<n

The V3 then either captures an interstitiaj Btom or a
neighboring B atom to form the EL2-like antisite defect

(Pin) <3), since the lifetime value is close to the positron life-
V3 +P P2+ 5e, (7) ~ times of indium-vacancy-related defects seen by others. A
second defect lifetime component 6330 ps, found in
V3 + PP+ V] +6Be. (8)  semi-insulating form, is most likely to be due to tNg,\Vp

. ] divacancy or possibly related complexes. Both these defects

The compensation of hydrogen associa¥ggdeep acceptor are suggested to originate from the thermal dissociation of
levels and other residual acceptor impurities by the EL2-likene v, H, complex!® Positron trapping rates into both defect
Pin antisite deep donor produces the semi-insulating state. types are found to be essentially independent of temperature

The above model allows a relatively easy interpretation obyer the wide temperature range of 25-300 K, indicating
the positron lifetime data. Th¥,,H ™™~ products of the either that these defects are neutrally charged, or that com-
above dissociation, being,, related, are anticipated to be peting shallow traps exist having a trapping rate which fol-
additional positron traps with lifetimes of around 280—-290lows that of the vacancy defects.
ps. However, the trapping rate into this monovacancy com-
ponent has not increased significantly, which would suggest
that the hydrogen evolution pathway expressed in reaction
(6) is a secular equilibrium, with the concentration of inter-  The authors wish to acknowledge valuable financial sup-
mediate specieS/,anf’”)’ remaining approximately con- port from the HKU CRCG and the Hong Kong RGC in
stant. With regard to the 330-ps lifetime component, reactiorperforming this work.
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