Metadata, citation and similar papers at core.ac.u

Formation of P In defect in annealed liquid-encapsulated

it Czochralski InP
Zhao, YW, Xu, XL; Gong, M; Fung, S; Beling, CD; Chen, XD; Sun,
Author(s) NF; Sun, TN; Liu, SL; Yang, GY; Guo, XB; Sun, YZ; Wang, L;
Zheng, QY; Zhou, ZH; Chen, J
Citation Applied Physics Letters, 1998, v. 72 n. 17, p. 2126-2128
Issued Date | 1998
URL http://hdl.handle.net/10722/42180
Rights Applied Physics Letters. Copyright © American Institute of

Physics.

k


https://core.ac.uk/display/37881547?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

APPLIED PHYSICS LETTERS VOLUME 72, NUMBER 17 27 APRIL 1998

Formation of P |, defect in annealed liquid-encapsulated Czochralski InP

Y. W. Zhao, X. L. Xu, M. Gong, S. Fung, and C. D. Beling?
Department of Physics, The University of Hong Kong, Hong Kong, People’s Republic of China

X. D. Chen, N. F. Sun, T. N. Sun, S. L. Liu, and G. Y. Yang
Hebei Semiconductor Research Institute, P.O. Box 179, Shijiazhuang, Hebei, People’s Republic of China

X. B. Guo, Y. Z. Sun, L. Wang, Q. Y. Zheng, Z. H. Zhou, and J. Chen
Tianjin Semiconductor Institute, P.O. Box 55, Tianjin, People’s Republic of China

(Received 8 September 1997; accepted for publication 26 February 1998

Fourier transform infrared spectroscopy measurements have been carried out on liquid-encapsulated
Czochralski-grown undoped InP wafers, which reproducibly become semi-insulating upon
annealing in an ambient of phosphorus at 800-900 °C. The measurements reveal a high
concentration of hydrogen complexes in the fovipH, existing in the material before annealing in
agreement with recent experimental studies. It is argued that the dominant and essential process
producing the semi-insulating behavior is the compensation produced By aiike deep donor
phosphorus antisite defect, which is formed by the dissociation of the hydrogen complexes during
the process of annealing. The deep donor compensates acceptors, the majority of which are shallow
residual acceptor impurities and deep hydrogen associgteand isolatedv,, levels, produced at

the first stage of the dissociation of thig,H, complex. The high concentration of indium vacancies
produced by the dissociation are the precursor ofEheg-like phosphorus antisite. These results
show the importance of hydrogen on the electrical properties of InP and indicate that this largely
results from low formation energy of the compley,H, in comparison with that of an isolatéd,, .

© 1998 American Institute of PhysidsS0003-695(98)01117-9

Undoped n-type high-purity liquid-encapsulated Czo- laboratories. Moreover, in a manner similar to that seen by
chralski (LEC) InP has been reported to become semi-other works>®all our S| samples possess shallow donor con-
insulating(S) if it is annealed at 800—900 °C in vacuum or centrations higher than that of the residual deep-level impu-
phosphorus ambient for about 90'1%. The reason for this rities such as Fe. The concentration of residual shallow ac-
transform in conductivity has been studied extensively inceptor impurities, which come from homemade inditiis,
recent year$™® In particular, it has been demonstrated by much higher than that of shallow donor impurities in our
electrical measurements that the possible phosphorus in- as@mples. These data, along with the high measured values of
indium out-diffusion, which can lead to the formation of va- electron mobility in annealed InP lead us to conclude that the
cancy defects in a thin surface layer, cannot explain the bulknost likely reason for the annealed SI behavior of InP is that
Sl properties:?> Moreover, the concentration of transition there is a heavy compensation of residual acceptor impurities
metal contaminants after annealing is always measured to &d thermally induced acceptors by deep donor phosphorus
too low to compensate residual impurities and give the obantisite defects, which have their origin in the dissociation of
served high resistivity of 700 cm, so the metal contami- hydrogen compleX/;,H,.
nation effects may also be excluded even though a deep-level The samples studied in this work werdype undoped 3
activation energy close to Fe in InP of 0.64 eV has beed"m LEC InPwafers of carrier-concentration 2-5

15 -3 : N
found from electrical measurementS Another result is that <10~ €m tha&were produced using the phosphdrusitu
only LEC-grown InP can be annealed into a semi-insulating™i€ction method. The cleaned undoped InP wafer samples,

form but InP grown under the same stoichiometry by thealong with some red phosphorus to give a phosphoru_s gas
horizontal gradient freeze method does not have thiressure of more than 60 mbar at 950 °C, were placed into a

2 . T uartz tube and then pumped to a vacuum of ZL6im Hg
2 These ph | tion that bott
property: These phenomena give a clear indication that bo .and sealed. These samples were annealed at 950 °C for 90—

intrinsic defects and residual deep-level metals are not di:
. : . 100 h and then cooled slowly to room temperature. The re-
rectly responsible for the compensation mechanism of ther-." . . ) "
sistivity and carrier mobility of the samples were measured
nism has. thus. remained unclear aby a Bio-Rad Hall measurement system. The FTIR transmis-
In thi ,I tt ' Fourier t ¢ . frard@TIR) t . sion measurements were carried out in vacuum using a NIC-
[N ihis fetter, Fourier ranstorm Inirar ransmis- =470 spectrometer on the samples before and after annealing.
sion spectroscopy results are described, which indicate 2he impurity content in the sample is measured by spark

very high concentration of hydrogen compleyH, existing source mass spectrometry. Annealed S| samples were char-
in all the undoped LEC InP wafers grown under diﬁerentacterized using photocurrent spectroscopy.

conditions(P rich, In rich, and stoichiometrian one of our The FTIR transmission spectrum is shown in Fig. 1.

There is a strong absorption peak at 2315 &mwhich has
dElectronic mail: cdbeling@hkucc.hku.hk been shown to be due to the local vibration médeéM ) of
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0.066 the residual shallow donofgnainly Si and $, but the con-
0.064 4 b centration of residual shallow acceptor impuritigaainly
T Mg, Zn, Ag, and Cais much higher than that of residual
0.062 donor impurities in our samples. This leads us to conclude
o 0.060 4 that the Fe impurity cannot be responsible for the semi-
8 0058 4 insulating property and that some other deep donor level
g~ must be responsible for the compensation mechanism.
'€ 0.056 - The disappearance of the LVM spectral line \¢f,H,
2 0.054 Mmrrmmm i~ " ‘a implies that this hydrogen vacancy complex has decomposed
g 0.052 4 i bt upon annealing. This complex has proved to be a shallow
’ donor! The dissociation o¥/,,H, is, thus, in agreement with
0.050 ~ the experimental fact that in InP that does not become semi-
0.048 - insulating, some shallow intrinsic donor is being annihilated
on annealing at levet-5x 10" cm™3.24 The V,H, is ex-
0.046 ' ! ' pected to dissociate int@,,Hs, V,,H,, V,,H, andV,, during
2200 2250 2300 2350 2400

wavenum ber(cm'1 )

FIG. 1. Transmission spectrum of undoped LEC InP at 17 & .before
annealing; andb) after annealing. The absorption peak at 2315 tia the
LVM of the hydrogen indium comple¥/,H,.

hydrogen indium vacancy complé,H,.”® This absorption

the annealing and then through the recombinatiod gfvith
mobile phosphorus to form the antisite defegt &cording
to the following reactions:

4V H, +10e—V,\Ha+ Vi, Hy +V HZ +V, .3~
+10H°T, (1)

Vi~ + P+ Pyt 6h—P 2" +V, " . 2

peak can also be seen clearly at room temperature, whicFhese reactions, while not attempting a detailed breakdown

implies a high concentration &f,,H, in the sample for this
kind of defect. As shown in Fig. 1, the 2315 chpeak
disappears completely after annealing. Due to the lack ofhat the deficit of hydrogen and,,®~

of the reaction scheme, show the general decomposition of
the V|,H, complex with direction as shown, and it is noted
in Eq. (2) leads to

calibration data for this complex, its concentration can onlystronger driving of this reactio;,H; has been shown to be
be estimated by using the calibration value>2X0'¢ cm3
per unit integrated absorption of the zinc hydrogen complexies, V,,H, andV,,H act as acceptors, forming,,H,” and
in InP 8 This method has been used by Clerjatidl® for the
study of the unintentional hydrogen concentration in LECregion® The indium vacancy,,>~ also forms a deep accep-
InP and shown to give a lower limit value. The integratedtor in the gap. Both R?* and Vp+ are expected to form

absorption at 2315 cnt in Fig. 1 is about 0.6 ci?, and so
a concentration of at least x2.0'® cm™2 of V,,H, can be

electrically inactive while the partially hydrogenated vacan-

V,,H?", respectively, with acceptor levels in the lower gap

donor levels with energy levels at about 0.7 and 0.44 eV,
respectively, as predicted by theoretical calculdfiand as

deduced. This value is in reasonable agreement with the reonfirmed by experimental measureméntt is the former

sult of Clerjaud and co-worket&®in which the total hydro-

deep level, namely, the phosphorus antisitg Which we

gen concentration in as-grown LEC InP was found to bebelieve is largely responsible for the compensation of the
10'® cm ™3 (and possibly, 5% 10'® cm™2 or more. Moreover,
the absorption o¥,,H, is much more intensive than that of fect is the exact analogue of the EL2, arsenic antisite defect
other complexe&? indicating a significantly higheW,,H,

concentration.

In Table | some reported annealing results of InP are

InP, and the semi-insulating properties that result. This de-

that is responsible for the compensation found in semi-
insulating GaAs.
To clarify the existance of an annealing induced deep

listed and compared with the results of this work. All our donor in our undoped InP, we carried out room-temperature
undoped InP samples can be annealed to be semi-insulatinghotocurrent spectroscopy on an annealed Sl sample. The
Table | also reveals an important fact, namely, that for all theresults are shown in Fig. 2 compared to those in a control
samples not only the concentration of Fe is far below that ofFe-doped Sl sample annealed at different temperatures. A

TABLE |. Electrical parameters and impurity content of undoped InP after annealing. A, Ref. 3, B, Ref. 2, C,
Ref. 4, D, Ref. 5, and E, this work.

Impurity detected X 10*4 cm™3)

Source Resistivity  Mobility Activation energy
No. (Qcm) (cmIV s) Fe [S Si Mg Zn Ag Ca eV)

A 1.3x10 4340 N.D. 0.64

B 1.0x10° >4000 3.3 6.3 57 0.88 0.67

C 4.4x10° 3940 0.64

D 5.6x10° 1350 <10%cm3 ~ 480 0.64

E 2-3x10° =2760 25 24 12 80 62 18 34 0.66

3N.D., not detected. Only Eé can be detected.

PEstimated from the compensation ratio.
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160 concentration only in annealed high-resistivity undoped LEC
0.65ev - 0.66ev 1.3%ev. InP by Kennedyet al. through the use of optical detected
140 1 /\_/‘\_ ]\ magnetic resonance in 1986The R, defect has also been
120 4 p o reported in low-temperature molecular beam epitaxy grown
= : ; InP. In this material the defect appears to give rise to a donor
< 100+ /\,J_J\__/ ; level in the conduction bant¥-?*However, the high concen-
= : ‘ tration of defects such as phosphorus precipitates and their
c 80 N " . . . . . . . .
[ : interaction in this kind of material is not yet clear and its
§ 60 - conduction properties and defect levels cannot be definitely
% correlated with B.
£ 40 - In summary, a concentration of X2.0'® cm™2 of a hy-
20 - g | 143V drogen complex of the fornv,,H, has been found in our
e LEC-grown bulk InP crystals, which can be annealed to be
0 - x semi-insulating easily and reproducibly. These experimental

: : : : : : results have led us to conclude that the dissociation of the
hydrogen complex/,,H, leads to the production of a high
02 04 06 08 10 12 14 16 concentration of deep donor antisite defegt Which is the
E (eV) center that compensates the InP giving rise to the observed
semi-insulating property.

FIG. 2. Room-temperature photocurrent spectra of undoped S(an&hd

Fe-doped SI LEC InP annealed at different conditigbgbefore annealing;

(c) 600 °C, 30 minyd) 700 °C, 30 min; ande) 700 °C, 12 h. The 0.65, 1.31,
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