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Mechanisms of the semi-insulating conversion of InP by anelastic spectroscopy
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Elastic energy absorption measurements versus temperature on semiconducting, semi-irfiSlliaangl
Fe-doped InP are reported. A thermally activated relaxation process is found only in the Sl state, which is
identified with the hopping of H atoms trapped at In vacancies. It is proposed that the presence of In vacancies
in InP prepared by the liquid encapsulated Czochralski method is due to the lowering of their energy by the
saturation of the P dangling bonds with H atoms dissolved from the capping liquid contaipidg THe
conversion of iron-free InP to the Sl state following high temperature treatments would be due to H loss with
the transformation of the H-saturated In vacancigs;H, donors, into neutral and accepdy,-H,, complexes
with n<4. Such complexes would produce the observed anelastic relaxation process and may also act as deep
acceptors that neutralize unwanted donor impurities.

I. INTRODUCTION ments have to be carried out on the wafers cut from the
as-grown ingots; in this way the wafer homogeneity results
Semi-insulatingSl) InP is usually obtained by adding Fe improved and the striations and other types of lattice imper-
before growing the crystal by the liquid encapsulated Czofections may be annealed.
chralski(LEC) method. S| InP:Fe offers remarkable perspec- It is diffusely believed that in the Sl state of InP:Fe, the
tives as a substrate in optical fiber communication systemslectrons supplied to the crystal by the unwanted residual
and in high frequency electronic devices. Essential prerequimpurities (shallow donorsare trapped by Fe, which acts as
sites are both high electrical resistivity and carrier mobility,a deep acceptor and provides compensation. However, the S
in addition to a high material homogeneity. Generally, thestate is reached only if the Fe concentratitypically in the
semiconducting as-grown InP is quite inhomogeneous, as iange of 166 cm™3) is remarkably higher than the residual
exhibits growth striations, dislocations decorated by micro-donor impurity content; as a confirmation, it was reported
defects, microprecipitates embedded in the crystal latticethat the impurity content in Sl InP:Fe is lower than the free
and sometimes inclusiorsin particular, since the Fe con- carrier concentrationjndicating that sources of donors other
centrations necessary to reach the semi-insulating state atiean the impurities considered above must be active; they
close to the Fe solubility limit, domains of Fe precipitates arewere identified later a¥,,(HP), complexe$;’ and labeled
inevitably formed. Post-growth thermal treatments of the in-here asV,,-H,. Lastly, it should be mentioned that the
gots at about 900 °C produce beneficial effects concerningchievement of the Sl state by Fe doping may present further
defect annealing besides a resistivity increase, but cause idisadvantages due to the nonuniformity of the electrical
homogeneities across the crystal dianfemd do not im- properties along the crystal growth axis caused by Fe
prove the Fe homogeneifyTherefore, the thermal treat- segregatiofi.
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The semi-insulating state is also reached by thermally 30 e T
treating undoped InP for several hours or days at about
950 °C under phosphorus atmospheres ranging from tenths x10° | S| InP sample 2
to tens of barg ** after which the resistivity can be in- InP:Fe e
creased above ¥@) cm. However, for the conversion to oc- 20 L (1.2kHz) | » A
cur it is necessary that the carrier concentrations be below .
the limit of 4x 10" cm 2 (Ref. 10; thermal treatments of oy e
materials having higher residual carrier concentrations dueto & | w e ':.
higher impurity contents in the starting material usually dis- _-»-" : '\
play only a slight reduction in the concentration of free car- 10 “..r' ‘o ]
riers after annealindf and the same effect is also produced Pt sample 1
in SI InP:Fe? - .f'.,...p"‘"" treated at high T 1
Several mechanisms have been proposed for the Sl con- - {2.1kHz)
version, and many of them hypothesize that the thermal 0 .—n-/l RN TP TP I S T
treatment may activate some kinds of deep acceptors in such 0 50 100 150 200 250 300 350
a concentration to compensate the shallow donors related to T(K)

impurities. Among the possible deep acceptors, the Fe atom . .
both in Fe-doped and in undoped liifPerefore present as . FIG. 1. Elastic ene.rgy loss  versus temperature of semi-
residual impurity has been considered. However, also theInSUIatIng InP. Sample. L highly pure and _SUbjeCted tf) the them.'al
o . treatment for conversion to the Sl state; sample 2: doped with
hydrogen-related defects are receiving great attention, as H 1535 om 2 Fe
always preseft and may form complexes with native de- '
fects and impurities.
Generally, the studies of the properties of Sl InP are con- Q1= Im(—) :EM ANY? T @
ducted on the material doped with Fe, whilst a systematic E kgT 1+ (w7)?’
analysis of the comparative properties of Sl InP:Fe and un-
doped InP is missing. The purpose of the present work is tevhere the last expression is the contribution of a molar con-
carry out, through measurements of the complex modulusentrationc of defects diffusing or reorienting with a char-
(elastic energy loss and dynamic modyJus comparative acteristic timer between states or sites that are made in-
study of the defects in InP in the semiconducting and thesquivalent by the vibration stregs; A\ is the appropriate
semi-insulating state obtained both by the doping with Fecomponent of the change of the elastic dipole tensor after a
and by the thermal treatment. defect reorientation, and the elastic dipole tensis defined
as the strain caused by a unit concentration of the defegts;
is the cell volume andv=27f is the angular vibration fre-
Il. EXPERIMENT quency. The above contribution to the absorption is peaked

o . at the temperature at whiclhr=1; sincer is temperature
The thermal treatmentd T's) finalized to the conversion dependent and usually follows an Arrhenius law(T)

from the semiconducoting to the Sl state were carried out on_ 70 expE/ksT), the peak shifts to higher temperature if
wafers at about 9_50 C under a phosphorous vapor pressUf§easured at highes. The present samples had tti10)
of ~0.2 bar for times of the order of ho_urs. The cr_ystalsaxiS parallel to the length, so that the appropriate
were grown by the LEC method at Venezia Tecnologie, an odulus &4 E[_ﬁO]: L(sy1+ 810+ 3840). For trigonal defects
the samples were three rectangular b#about 435 11 - ) 5 .
% 0.4 mm?) of normal purity and high purity. They were 5E[110]_55544_(%0/'(1_)5()‘1__7;2) ) while  for <1110>
characterized as follows: sample 1 was an undoped highigrthorhombic  defects  6E115= 5 8(S11—S12) + 7 9544
pure sample subjected to the TT for conversion and pre=(cvo/KT)2[&(A1+A—2N3)%+ (A 1—\y)2].  Young’s
sented the Sl state. Sample 2 was of normal purity and dopa@lodulus is related to the frequency of the first flexural mode
with 10* cm™3 Fe impurities; therefore it was semi- by E=p(0.97512/t)2, wherep, |, andt are the sample den-
insulating without need of TT’s. Sample 3 was highly puresity, length, and thickness, respectively; for our samples it is
but not subjected to the thermal treatment for the conversiorg ;5= 1.40x 10" Pa.
and hence non semi-insulating.
The elastic energy loss and resonant frequency measure-
ments were carried out between 1.9 and 650 K. The samples
were horizontally suspended on two nodal lines by thin wires  Figure 1 shows the elastic energy dissipation curves from
and three flexural vibration modes were electrostatically ex4.9 to 370 K of the undoped S| sample 1 and sample 2. An
cited in the frequency range between 1 and 16 kHz. Théntense peakpeak A is present at about 290 K in both
vibration amplitude was detected through the variation of thesamples, whereas the dissipation curves in the low tempera-
sample-electrode capacitance by a frequency modulatioture side indicate that two additional peaksound 130 and
technique, and the elastic energy absorption was measur@20 K) may be present but confused with the background;
from the rate of the free decay of the vibration. however, due to their small height, they will not be consid-
The elastic energy loss coefficient, or reciprocal of theered here. It is surprising that the two samples, having in
mechanicalQ of the sample, is related to the imaginary partcommon only the Sl state but not the purity and the thermal
of the complex Young’s modulug* as* history, present the same type of spectrum, and differ only

IIl. RESULTS
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(f=2 kHz) during two subsequent measuremeéntsves 1 and 2

FIG. 2. Peak A of sample 2 during a series vacuum annealinggor comparison, the dissipation curves of the SI samp11kH2)
for about 30 min at temperatures subsequently increased from 40¢hq sample Z1.2 kH2) are also shown.

and 660 K at steps of 40 K.

(continuous lineswith a single relaxation time following the
_classical Arrhenius law. The activation energy of the relax-
L:iuttion process and the preexponential factor of the relaxation

for the height of the background dissipation.

In order to test the thermal stability of the anelastic relax
ation spectrum, sample 2 was annealed in vacuum for abo i . i)
30 min at temperatures subsequently increased from 400 {Gt€ ‘?bﬁmed from the fit ar&=0.67 eV and 7, =3
660 K at steps of 40 K; after each step the relaxation spec>-< 10%s 1, ) _ _
trum was measured, and the results are reported in Fig. 2. The spectrum of the semiconducting sample 3 is reported
With increasing annealing temperature the background diss|? Fi9- 4 together with those of samples 1 an¢t@ntinuous
pation progressively decreases down to a saturation valdées for comparison. Sample 3 displajeurve 3, superim-
that is attained after the treatment at 620 K (7th annenling P0S€d on a high background, a small peak at 220 K and a
Instead, the height of the peak remains practically unaffectet€!l developed peak at 400 K that decreases during its mea-
and is also stable versus thermal cycling, as the curves agirement and disappears after a vacuum annealing of about
retraced on heating and cooling. After this series on anneaf80 Min at 450 K(curve 2. Itis remarkable that the peak A,

ings, it was checked that the sample remained in the semf{ound in the SI samples, is absent here, or at least nonemer-
insulating state. gent from the background. The lack of peak A in the non-SI

The energy-loss curves, measured at three vibratio§@Mples was confirmed also in undoped InP samples cut
modes(between 1 and 16 kHzshowed that the peak A is from the same ingot and from a different ingoésults not
thermally activated, since it shifts towards higher tempera—Showr)' . . .
tures with increasing frequency. Figure 3 presents the experi- N order to study the stability of the anelastic spectrum in
mental data of sample 2 after the 7th vacuum annealing &f'€ Non-SI sample 3, a series of vacuum annealings of 30
620 K at 1.2 and 15.6 kHz, after subtraction of the back-Min each at increasing temperatures was conducted, as for

ground: the data are satisfactorily fitted by Debye curve$@MPple 2. The results are displayed in Fig. 5 and show that
(i) the dissipation around 400 K is not a stable peak as a

S — function of temperature; indeed, it starts decreasing on heat-
x105 F 1 ing above 350 K, even keeping the sample temperature con-
InP:Fe || stant(result not reported herand practically disappears af-
Sample 2 ter a vacuum annealing at 500 Ki) the small peak around
1 220 K increases after the first vacuum anneal(#p K), but
is depressed after the subsequent treatments at higher tem-
peratures;(iii) the overall dissipation steadily decreases
down to saturation values with the subsequent isochronal
annealings at progressively higher temperatures.
Figure 6 compares the dissipation curves of Sl InP:Fe
3 (sample 2 and of non-SI InP(sample 3 after the last an-
ofeZ 3 T nealing treatments at 650 K; only the peak at 300 K in the Sl
P PR TN sample persists after the high temperature treatments. In or-
250 300 350 der to test whether peak A is suppressed by heating above
T(K) . X :
660 K, the isochronal annealings on sample 2 were contin-
FIG. 3. Peak A in sample 2 after the 7th vacuum annealing at/€d up to 847 K, and Fig. 7 shows that the species giving rise
620 K, after subtraction of the background. The continuous lined0 peak A is stable up to that temperature. At this tempera-
are single time Debye curves witE=0.67 eV and 7, '=3 ture a few droplets appeared on the sample surface, indicat-
x 10t 7L, ing onset of surface degradation due to P loss and conse-

15.6 kHz
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FIG. 5. Evolution of the anelastic spectrum of semiconducting 100 200 T(K) 300 400

InP (sample 3 measured in vacuum: as prepar@iirve 1; 2nd
heating run(curve 2; after subsequent annealings in vacuum for 30

min at the temperatures indicated in the figure, FIG. 7. Peak A in sample 2 after annealings of 30 min in

vacuum at the increasing temperatures indicated in the legend; these

quent formation of In clusterS. However, the sample bulk Measurements follow those of Fig. 2.
was very little affected, as deduced by the small relative _
variation of the resonance frequency 8.5< 10 %); the vi- ~ Whether  the = material ~was zgs-groﬁ/_he, plasma
bration frequency is directly related to the elastic modulushydrogenated;'” or ion implanted:®*these lines occur in
which is very sensitive to the formation of second phases. Ithe range included between 2200 and 2300 trof the
conclusion, peak A is stable up to the sample decompositiogpectral region. However, if the same material is implanted
in vacuum. with deuteron® instead of protons, the corresponding
To better interpret the annealing behavior observed, twd.VM’s are shifted to lower energies<{1600 cm 1), and the
samples cut from the same wafers of samplé@-dope§l  ratio between the energies is close toy(my)Y2 This ob-
and sample 3non-S) were subjected to vacuum effusion servation provided evidence that the lines are due to
experiments with a rate of 3—4 K/min, monitored with a hydrogen-related defects, and they have been attributed to
residual gas analyzer. It was found that H out-diffusion start$H stretching mode?:16-2
above 560°C, i.e., at about the same temperature at which Four of the reported lines are particularly important, as
the sample decomposition starts, as indicated by the appeafey have been reproducibly observed, and there seems to be
ance of some peaks in the effu3|o_n spectrum corresponding, agreement on their attribution; such peaks occur at
to the masses of RHand BH;, besides K. 2202 cm ! (peak 3, 2273 cm ! (peak 2, 2286 cm * (peak
3), and 2316 cm? (peak 4. The main line is peak 4Ref.
7), but peak 1 is of comparable intensity if the samples are
ion implanted?’ instead, peaks 2 and 3 are rather weak.

Optical absorption experiments on InP:Fe have revealed Peak_l Is originated b.y a H complex W|th.tr|gqnalyyls7ym-
several local vibrational mode$LVM'’s), regardless of metry with a P-H bond oriented along thil1) direction;

the low energy of its stretching mode is indicative of a long

IV. DISCUSSION

A. The vacancy-H complexes

bond length. Therefore it has been attributed to an In va-

LA BLALAL LR BLELEL L BN
x10 sample 2 (1.2kHz) g cancy having the P dangling bonds saturatgdabH atom
15F after VA at 660K /7 7 occupying a bond centdBC) site betweerV,, and P; this
complex will be labeled a¥,,-H.
Peak 4 appears in the high energy region of the P-H
10k _ stretching mode, indicating a shorter bond length. Optical
5 absorbance measurements in undoped InP samples co-

after VA at 650K

| IS BOV RS a B e |
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charged with H and D have convincingly demonstrated that
the complex giving rise to this peak is constituted by more
than one H atorfi.In addition, the stress splitting of this line
indicates a cubic symmetry for the corresponding cluSter.
The various authors agree that the complex consists of an In
vacancy decorated by four H atoms in BC occupancy,
V\,-Hy; in this configuration, the repulsion between the four
H atoms shortens the P-H bond lengths and gives rise the
observed high energy LVM's. The four H atoms, each

FIG. 6. Elastic energy loss of S| InP:Reample 2 and of bonded to one of the four P atoms arouwigl, contribute
non-Sl InP(sample 3 after the last vacuum annealings at 660 andfour electrons to the trivalent vacancy and leave one electron
650 K, respectively. available® TheV,,-H, complex is therefore a shallow donor,
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and could be responsible for the discrepancy between thglexes have in principle the same cubic symmetry of the
donor content estimated from the concentrations of the imerystal, so that there would not be any differentiation be-
purities and from the Fe content that is necessary to passi- tween complexes under stress, unless a Jahn-Teller-type low-
vate then?. ering of the defect symmetry occurs. Indeed, it has been
Peak 3 was studied by local vibrational mode experimentproposed that in certain ionization states tNg, is

and was attributed to the Zn residual impuritfésthe com-  distorted?” In this case, different distortions would be distin-
plex is believed to be formed by the Zn atom occupying anguished by stress and would cause anelastic relaxation, but
In site having one H atom as a nearest neighbor bonded to Ehe reorientation between them would be expected to occur
Peak 2 is of uncertain origin, but may be due to a clustewith a faster rate than in the cases where atomic hopping is

similar to that of peak 3 with MA/ involved and produce a peak at much lower temperattire:
the barrier of 0.67 eV seems too high for the reorientation of
B. Peak A a Jahn-Teller-like distortion.

In InP, the omnipresence of hydrod@rcertainly due to Instead, the_reorientation of thé,-H, complexeg with _
the LEC preparation methadthe fact that LVM lines due to  N=1, 2, and 3 is expected to appear as a slower single-time
isolated H have not been reported, the ability of H to formr€laxation process. In fact, in all three cases the complexes
complexe$:"16-20and the high mobility of H strongly indi- €an reorient among equivalent configurations through a
cate that the atomic defect giving rise to peak A may be $nNdle elementary jump of an H atom between the four dif-
H-related complex. Undoubtedly, the presence of the therf€rent P dangling bonds around the vacancy. irerl there
mally activated process with maximum near 300 K proves® four equivalent BC sites for H, each coordinated with one
that the InP samples in the S state contain a species that @ the four P bonds, and the defect has trigonal symmetry.
highly mobile at room temperature<10® jumps per second Forn=3, one of thg fqur BC sites is pnoccupled, so that the
and that this species is rather abundant, considering thg°MPIex reorientation is due to the jump of the H vacancy
height of the corresponding peak. In addition, the value ofnStéad of the H atom, and the symmetry is again trigonal.
the preexponential factor is typical of point defect relax-Forn=2 the H atoms can occupy six equivalent pairs of BC
ations and indicates that this imperfection involves an atomiéiteés along th&110 directions. The corresponding elastic
complex. dipole has the principal axes along {10 and ong(100)

It is remarkable that the process is characterized by &irections and its symmetry is110) orthorhombic. _
single relaxation time: in fact, the absence of peak broaden- The three complexes may have different energy barriers
ing indicates that the mobile species relaxes with only ondOr reorientation, producing distinct relaxation peaks. In this
type of elementary jump, and that there is no interactiorf@se, peak A would be due to the dominant complex, and the
among the relaxing units. Single-time Debye processes aréher two complexes would produce peaks at different tem-
not common, and one was also discovered in Si:B chargeBeratures, e.g., the two small peaks at 130 and 220 K. How-
with hydroger?? In that system the H atom hops among the€Ver itis also possible that all the complexes have nearly the
four equivalent BC sites coordinated with substitutional B,S@me energy barrier for reorientation; in fact, the LVM en-
overcoming an energy barrieE{E0.22 eV) that is lower €rgies of the various complexes differ by only SRefs. 6
than that presently reported. The absence of broadening @Nd 7, and this can be taken as an indication that the poten-
the peak due to the reorientation of the H-B pair led to thdial “felt” by H and therefore the barriers between different
conclusion that the interaction between H-related defect§linima are little affected by the presence of neighboring H
may be negligible at dopant concentrations as high adtoms. In this case all the three complexes would contribute
10'® atoms/cm. The relaxational dynamics of H within the to peak A, and indeed the present data are compatible with a
H-B pairs in Si has also been measured by the decay of thepread of activation energies of the order of 5%. At present it
stress-induced ir dichroisth for relaxation times between IS not possible to decide between the two cases, and further
10° and 16 s. By joining the data for the two types of Measurements on crystals with different orientations are

experiment€4-% relaxation rates spanning 11 orders of Neéeded. _
magnitude were obtained in the temperature range Finally, we note that the concentration of defects produc-

60—120 K: a weak deviation from the Arrhenius dependencdd Peak A estimated from the peak intensity is fully consis-

was observed at low temperature, which was interpofated tent with the concentrgtion of H and,,-H, complexes that
with a polaronlike model. are generally present in InP crystals grown by L¥Ce., of

Similarly to the case of B-H in Si, it would be natural to the order of 16 cm 2. In fact, the peak intensity in Eq1)
think of the reorientation of H around Fe as a source ofS
anelastic relaxation in the Fe-doped InP sample. Indeed, E
measurements of the local vibrational modes show that in Q. l=c Yo
InP:Fe, H resides between the Fe atowhich substitutes In & " 2kgT

and a nearest neighbor P atom, mainly bonded to P. Howsq substituting the measur&d=1.40x 10t Pa and assum-
ever, the fact that both undoped and Fe-doped InP displayy a4 0.1<AN<1, the volume concentration of defects
the same peaksee, for instance, Fig. 1, where the smally s out of the order, of/vg~6X 101651 cm 3,
temperature shift between the two peaks is due to the differ-
ent frequencigsdemonstrates that Fe does not play any role
in the mechanism causing peak A.

We discuss now the possibility that peak A is due to The high background dissipation of both the (§lg. 2
V-H, complexes i=0—4). Forn=0 andn=4 the com- and the semiconductingrig. 5 samples might be due to the

AN?, )

C. The background dissipation and the peak at 400 K
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thermoelastic effect or to the movement of dislocations. Theper billion, and the TT for the Sl conversion was carried out
thermoelastic effect is due to the periodic heat transfetnder controlled purity conditions.
through the sample induced by the alternating vibration For the model we presently propose we assume that hy-
stress+* the corresponding relaxation rate ! in Eq. (1) is  drogen and vacancies are abundant, even though not inten-
directly proportional to the thermal conductivity, which is tionally introduced. As discussed in the following paragraph,
generally a slowly varying function of temperature, so that ave suppose that the as-grown material mainly contains
very broad peak results. The observed lowering of dissipa¥in-Ha complexes, whereas lower order complexes are also
tion after the high temperature treatments should be mainipresent if H is trapped by other defects, like Fe. This as-
explained in terms of a change of the charge carrier concersumption is corroborated by several observatichef the
tration and mobility, which in turn affects the thermal con- LVM's at 2316 cm * (V,-H,) in as-grown InP and of the
ductivity. During the present experiments, however, no rel2202 cm* (V;-H) line in Fe-dopet and proton-
evant changes of the electrical conductivity were observedmplanted® InP. We believe that the disappearance of the
Therefore, it is unlikely that the main contribution to the Vin-H line'® consequent to the TT at 950 °C for the Sl con-
background dissipation in the as-grown samples was of thenersion is due to the out-diffusion of H, rather than of the
moelastic origin. whole V,,-H, complex, since we expect th&f, is less mo-
Dislocations are formed during the crystal growth andbile than H. Evidence of H out-diffusion during high tem-
subsequent cooling, and their stress-induced movement magrature treatments is provided by Zappetgnial”. As a
produce a broad background dissipation. The decrease épnsequence of the H loss from the sample, transformation
such a dissipation after the high temperature treatments ca¥f Vi,-Hs complexes into complexes with<4 takes place.
be caused by the migration of defects onto the dislocatiofndeed, after thermal annealings above 600 °C new lines ap-
lines, resulting in the pinning of the dislocatioffsThe mi-  pear at lower energyattributed toV,,-H, with n<4.
grating defects should be rather mobile, since the lowering of Considering thav/,, is a triple acceptot?’*°we expect
dissipation starts already a few tens of kelvins above roonthat theV,,-H; complex is neutral, as the H atoms supply the
temperature; they can be oxygen or hydrogen atoms. fthree electrons. Similarly/,-H, andV,,-H are expected to
should be noted that a few at ppm impurities are sufficient tdbe acceptor complexes, and we hypothesize that they are
saturate the whole dislocation network. deep acceptors. The dissociation of ¥g-H, complexes
The presence of the peak at 400 K in the semiconductingluring high temperature annealing reduces the number of
sample 3 and its disappearance during its measuremerghallow donors, and at the same time the newly formed
which occurs at a temperature at which there is certainly n&/,,-H,, (n=0-2) deep acceptors remove the free carriers
H loss, indicates that the sample is not in thermal equilibintroduced by impurities and render the material semi-
rium. The species giving rise to the process is again rathensulating.
mobile; therefore, the peak is likely due to a H-related defect, The proposed model is congruent with the observation
but it is not possible at present to make any attribution.  that peak A(attributed toV,,-H, with n=1-3) in undoped
InP appears only after the TT at 950 °C, which transforms
the complexes wittn=4 into lower order complexes; there-
fore, the existence of the peak should be closely related to
D. Interpretation of peak A and proposition of a model the Sl state. Accordingly, we expect that peak A is absent in
for the semi-insulating state as-grown undoped samples, as experimentally observed

From the above results it appears that peak A is preserﬂ:ig- 4. .
only in the SI state of both Fe-free and Fe-doped InP, sug- The occurrence of the peak also in the Fe-doped sample,

gesting that there is a common mechanism of conversion t¥hich did not undergo the TT, can again be explained by the
the Sl state, which is also responsible for the anelastic relakrésence of lower order vacancy-H complexes. Indeed, the
ation process. The Sl conversion in InP:Fe is attributed to the/in"Hz line in as-grown samples of InP:Fe has been reported
removal of the shallow donors by the deep acceptor Fe aly Several a_tutho?§' (depending on the growth conditions
oms. Similarly, during the high temperature treatments in F°" the location of the samples in the crystaht least two
atmospheres necessary to reach the Sl state in undoped IfBechanisms might then be possiblie:partial trapping of H

the activation of some sort of deep acceptors able to com! Fe-H pairs, with consequent trasformation\of-H, cen-
pensate the shallow donors introduced by impurities hatrs into lower order complexes. A support to this possibility
been unanimously invoked. However, there is no agreemer$ the presence of a line at 2273 chnin H-implanted

at present on the nature of such acceptors and consequen#i mplez%, ‘which was tentatively attributed to the PH-Fe
on the SI conversion mechanism. Blissal® reported that ~ cluster;” (i) possible influence of Fe on the formation ener-
the 2316 cm! line attributed toV,,-H, disappears after the 9i€s of the various/;-H, complexes. This mechanism hy-
TT finalized to the SI conversion, and in addition they ob-Pothesizes that a lowering of the Fermi level due to Fe may
served that Fe and Cu were introduced during their TT’s. OrPerturb the relative energies of thg,-H, complexes, mak-
this basis they concluded, in accordance with Hirtal,*?  ing the formation of then=1, 2, and 3 complexes competi-
that the high resistivity values are due to the contaminatioriive With that ofV,-Hg.

by Fe and Cu deep acceptors during the annealing process
and to the concomitant out-diffusion of thé,-H, com-
plexes acting as intrinsic donors. We exclude that Fe plays
such arole in our undoped S| samples, since according to the It remains to be explained why InP prepared by the LEC
chemical analysis sample 1 contained less than 1 atomic pariethod contains a substantial concentratioriVeif, com-

E. Formation of V-H,, complexes
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plexes, as indicated by the corresponding LVM. In fact, thehigh H pressure at high temperature, it is possible to let very
equilibrium concentration of vacancies in crystals are veryhigh concentrations of H-saturated vacancies to migrate into
small even near the melting temperature, and for the case d¢tie bulk (even tens of percent
InP it seems natural that vacancies of the more volatile P,
Vp, are predominant over thé,,_]. However, the formation V. CONCLUSION
energy ofV,, can be lowered if the P dangling bonds are
saturated by H atoms, and could even become negative; then, Anelastic spectroscopy experiments on InP crystals grown
in the presence of H the formation of In vacancies saturatetly the liquid encapsulated Czochralski method have revealed
by H would be possible or even energetically favorable. Durthe presence of defects whose reorientation rate is thermally
ing the LEC crystal growth, hydrogen would be supplied byactivated over a barrier of 0.67 eV. The corresponding ane-
the capping liquid, which contains,®:*! H could dissolve lastic relaxation process is observed only in the semi-
in the liquid InP forming P-H bonds and then be incorpo-insulating InP samples, irrespective of whether the semi-
rated in the crystal a¥,,-H,. insulating state is obtained by doping with Fe or by
That the P-H bonds are much more stable than the In-Hnnealing near 900 °C. It is proposed that these defects are In
bonds is demonstrated by the lack of In-H LVM’s in InP vacancies with the P dangling bonds partially saturated by H,
even after the irradiation with H, which produces both P andvhereas vacancies completely filled with four H atoms do
In vacancies and self-interstitials. Within the proposed picnot cause anelastic relaxation. A possible mechanism for the
ture, the high stability of the P-H bond is consistent with theformation of theV,-H, complexes and for the reversion to
stability of peak A against vacuum annealings up to thethe semi-insulating state after annealing near 900 °C is pro-
sample decompositiofFig. 4 and with the relatively high posed, based on the stability of the P-H bonds. The forma-
barrier for the hopping of H between different P bonds in thetion of such bonds with H dissolved from the capping liquid
V|, (0.67 eV, compared to 0.22 eV for the reorientation ofduring the crystal growth would make the formation of
the B-H complex in Si V,-H, complexes favorable. Such complexes would be do-
The formation of superabundant vacancies is already obnors that contribute to make the crystal a semiconductor. The
served in metal hydrides at high temperatu¥eshen the subsequent treatment at 900°C would partially outgas H
binding energy of H to the metal vacancies can substantialljrom the sample and remove it from thg,-H, complexes,
lower theV-H,, formation energy. By exposing the metal to a transforming them into neutral or deep acceptor defects.

IM. Avella, J. Jimenez, A. Alvarez, and R. Fornari, J. Appl. Phys.  (Materials Research Society, Pittsburgh, 1990 465.

82, 3836(1997. 173. Chevallier, B. Clerjaud and B. Paj&emiconductors and Semi-
2A. Zappettini, R. Fornari, and R. Cappelletti, Mater. Sci. Eng. B metals edited by J. I. Pankove and N. M. Johns@cademic,
45, 147 (1997). San Diego, 1991 p. 447.
SL. F. Sanz, M. A. Gonzalez, M. Avella, A. Alvarez, J. Jimenez, 18J. Tatarkiewicz, B. Clerjaud, D. @& F. Gendron, and A. M.
and R. Fornari, Mater. Sci. Foru@b8 825 (1997). Hennel, Appl. Phys. Lett53, 382(1988.
4R. Fornari, E. Gilioli, A. Sentiri, M. Avella, A. Alvarez, J. Jime- °V. Riede, H. Neumann, H. Sabotta, C. Ascheron, and R.
nez, and M. A. Gonzales, Mater. Sci. Eng.4B, 233(1997. Gratschel, Solid State Commu#65, 1063(1988.
SF. X. Zach, J. Appl. Phys75, 5538(1993. 20p, W. Fischer, M. O. Manaresh, and G. Matous, J. Appl. Phys.

®D. F. Bliss, G. G. Bryant, D. Gabbe, G. Iseler, E. E. Haller, and F. 71, 4805(1992.
X. Zach, inProceedings of the 7th IPRM, Hokkaid&EE Li- 2ip, Clerjaud, D. Cte, and C. Naud, J. Cryst. Grow®8, 190

brary of Congress No. 94079424, Sapporo, 1995, p. 678. (1987).
"R. Darwich, B. Pajot, B. Rose, D. Robein, B. Theys, R. Rahbi, C.?>G. Cannelli, R. Cantelli, M. Capizzi, C. Coluzza, F. Cordero, A.
Porte, and F. Gendron, Phys. Rev4B 17 776(1993. Frova, and A. Lo Presti, Phys. Rev.4}, 11 486(1991)).
8A. Siedl, F. Mosel, J. Friedrich, U. Kretzer, and G. lu, Mater. ~ 23M. Stavola, K. Bergman, S. J. Pearton, and J. Lopata, Phys. Rev.
Sci. Eng., B21, 321(1993. Lett. 61, 2786(1988.
9p. B. Klein, R. L. Henry, T. A. Kennedy, and N. D. Wilsey, 24y M. Cheng and M. Stavola, Phys. Rev. L€t8, 3419(1994).
Mater. Sci. Foruml0-12 1259(1996. 25G. cannelli, R. Cantelli, F. Cordero, E. Giovine, F. Trequattrini,
0D, Hofman, G. Milier, and N. Streckfuss, Appl. Phys. A: Solids M. Capizzi, and A. Frova, Solid State Comm@8&, 873(1996.
Surf. 48, 315(1989. 26G. cannelli, R. Cantelli, F. Cordero and F. Trequattrini Tun-
11K, Kainosho, H. Shimakura, H. Yamamoto, and O. Oda, Appl.  neling Systems in Amorphous and Crystalline Solétfited by
Phys. Lett.59, 932(1991. P. EsquinaziSpringer, Berlin, 1998 p. 389.
12G. Hirt, D. Wolf, and G. Muier, J. Appl. Phys74, 5538(1993.  2’A. P. Seitsonen, R. Virkkunen, M. J. Puska, and R. M. Nieminen,
13B. Clerjaud, D. Cte, and C. Naud, Phys. Rev. Lefi8, 1755 Phys. Rev. B49, 5253(1994.
(1987. 2B, Clerjaud, D. Cte, C. Naud, M. Gauneau, and R. Chaplain,
1A, S. Nowick and B. S. BerryAnelastic Relaxation in Crystalline Appl. Phys. Lett.59, 2980(199).
Solids(Academic Press, New York, 1972 9G. Schoeck, Acta Metalll1, 617 (1963.
153, J. Pearton, Mater. Sci. Forutd8, 149 (1994. 30C. P. Ewels, S. Oerg, R. Jones, B. Pajot, and P. R. Briddon,

6B, Pajot, inimpurities, Defects and Diffusion in Semiconductors: ~ Semicond. Sci. Technoll, 502 (1996.
Bulk and Layered Structureedited by D. W. Wolford, J. Bern-  3!B. Clerjaud, Physica B70, 383 (1991).
hole, and E. E. Haller, MRS Symposia Proceedings No. 1632Yuh Fukai and N. Okuma, Phys. Rev. LetB, 1640(1995.



