Spectroscopy of hydrogen-related complexes in GaP:Zn
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Using infrared spectroscopy, local vibrational modes in GaP:Zn exposed to a remote hydrogen or

deuterium plasma were observed. The modes at 2379.0 and 1729.4 cm

1 are assigned to

hydrogen—phosphorus and deuterium—phosphorus bond-stretching modes of complexes adjacent
to the zinc acceptors. Theisotopic ratio r = v,/ v =1.3756 is very close to that of the zinc-hydrogen
complex in InP (r =1.3744), which suggests that they have the same structure. © 1994 American

Institute of Physics.

It is now well established that hydrogen passivates shal-
low impurities in 111-V compound semiconductors.*? This
was first observed by Johnson et al. who found that hydro-
gen passivates the zinc acceptor in GaAs.® Although most
studies have focused on GaAs and InP, significant work has
been done on hydrogen passivation of impurities and defects
in GaP. Singh et al. used photoluminescence spectroscopy to
study hydrogen neutralization of donors, acceptors, and the
isoelectronic nitrogen trap in GaP* Electrical measurements
demonstrated that zinc in GaP is neutralized after exposure to
atomic hydrogen.® Clerjaud et al. observed the C—H and
C—D bond-stretching local vibrational modes (LVMs)® and
the N—H mode’ in GaP grown by the liquid-encapsulation
Czochralski (LEC) technique. LVMs corresponding to
hydrogen-defect complexes in LEC-grown GaP have aso
been observed.®~ Prior to this study, LVMs corresponding
to a group-1l acceptor-hydrogen complex in GaP have not
been reported.

The GaP samples used for this study had a (100) orien-
tation and were approximately 5 mmXx5 mmx0.3 mm. Prior
to zinc diffusion, they were n type, with [S]~10' cm™3,
Following the procedure outlined by Chang et al.,'* GaP
samples were placed with 1 g zinc in an evacuated 180 ml
guartz ampoule which had been cleaned in HF. The ampoule
was placed in a vertical furnace and the GaP samples were
diffused for 1 h at a temperature of 900 °C (Chang et al.
observed the solubility of zinc in GaP at 900 °C to be
5x10% cm™3). After completion of the diffusion, the
samples were quenched to room temperature by dropping the
ampoule into ethylene glycol. Residua zinc on the GaP sur-
faces was removed by immersion in dilute HCI. A room-
temperature Hall-effect measurement with the van der Pauw
geometry verified that the samples were p type after zinc
diffusion. Some of the samples were then exposed to mon-
atomic hydrogen or deuterium in a remote plasma system as
described in Ref. 13. The hydrogenation temperature was
300 °C and the duration of the exposure was 3 h.

Infrared-absorption spectra were obtained with a Digilab
80-E vacuum Fourier-transform spectrometer with a KBr
beamsplitter. Spectra were taken at 10 K with an instrumen-
tal resolution of 0.25 cm 1. A Ge:Cu photoconductor was
used as the detector. GaP:Zn samples which were not H- or
D-plasma exposed were used as reference samples.
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Spectra recorded with the hydrogenated and deuterated
GaP:Zn samples show infrared-absorption peaks at 2379.0
and 1729.4 cm™ %, respectively, at 10 K (Fig. 1). The isotopic
ratio of these frequencies, r =v,/ vy, is 1.3756. Neither peak
was seen in GaP.Zn which was not H- or D-plasma ex-
posed. As afurther check, we annealed a GaP samplefor 1 h
at a temperature of 900 °C in an evacuated quartz ampoule
but with no zinc present. The sample was then exposed to a
hydrogen plasma under the conditions described above.
Again, neither peak was seen in the absorption spectrum.
GaP:Zn samples which were exposed to a H/D plasma mix-
ture showed both peaks but no new peaks which would have
indicated a HD complex.

By way of comparison, hydrogenated InP.Zn has a
bond-stretching mode at 2287.7 cm™! and isotopic ratio
r=1.3744.* The bond-stretching mode has been attributed
to a H-P complex oriented along a bond-centered direction,
adjacent to the Zn acceptor, with H essentialy decoupled
from Zn. Since the LVMs and the r factor for GaP:Zn are
similar to the corresponding values for InP:Zn, we assume
the structures are the same (Fig. 2). The H-P model receives
further support from the observation that the LVM frequency
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FIG. 1. Infrared-absorption spectra of deuterated and hydrogenated GaP:Zn.
The vibrational modes are associated with H—P (D—P) complexes adjacent
to the Zn acceptors.
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FIG. 2. Model for H passivation of the Zn acceptor with the H atom at-
tached to a P atom in a bond-centered orientation.

is very different from the bond-stretching frequency of
Zn—H (1600 cm™Y). This is in agreement with previous
studies, ™8 which determined that in group-Il acceptor-
hydrogen complexesin GaAs, the hydrogen is bound directly
to a neighboring arsenic atom.

It is known empirically that many X-H LVM frequencies
are severa percent lower in a crystal lattice than in a free
molecule.’® The H—P LVMs in InP, for example, lie in the
2200-2300 cm™! range, while the H—P bond-stretching
mode of phosphineis 2328 cm™%. An exception to thisruleis
the H-P mode in InP:Cd, which is found at 2332.4 cm 1% |t
now appears that the H-P mode in GaP:Zn is another excep-
tion, its frequency of 2379.0 cm™ ! being approximately 2%
higher than that of phosphine. The H-P mode in GaP:Zn is
also higher than the H—P mode in InP:Zn; this may be re-
lated to the fact that GaP has a smaller lattice constant.

The positions and FWHM of the observed peaks are
listed in Table I. The FWHM of the D—P peak at 10 K is
approximately 2.2X smaller than that of the H—P peak. This

TABLE I. Frequencies and FWHM of H-P and D-P LVM peaks in GaP:Zn
and InP:Zn.

H-P stretch mode D-P stretch mode

Peak position FWHM Peak position FWHM

Compound (cm™Y) (cm™ (cm™}) (em™)  r=wylvp
GaP:Zn 2379.0 1.1 1729.4 0.5 1.3756
InP:Zn? 2287.7 0.23 1664.5 0.08 1.3744
3See Ref. 1.
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effect has been observed in numerous hydrogen-related com-
plexesin I11-V semiconductors and is related to the smaller
average vibrational amplitude of the D atom as compared to
the H atom. In InP:Zn, for example, the D—P peak a 6 K is
narrower than the H—P peak by a factor of 2.9.

In conclusion, by using infrared-absorption, we have dis-
covered vibrational modes in GaP:Zn exposed to H and D
plasma. The similarity between these modes and the H-P
and D—P modes in InP:Zn suggests that they also correspond
to H—P and D—P bond-stretching modes oriented along a
bond-centered direction.

We are indebted to A. G. Elliot for providing the GaP
samples. We also wish to acknowledge J. Beeman for con-
structing our Ge:Cu photoconductor, L. Hsu for his assis-
tance with the Digilab spectrometer, and W. Walukiewicz
and J. Wolk for helpful discussions. This work was supported
in part by USNSF Grant No. DMR-91 15856 and in part by
AFOSR Contract No. F49620-91-C-0082. We acknowledge
the use of the facilities at Lawrence Berkeley Laboratory.

1), Chevallier, B. Clerjaud, and B. Pajot, in Semiconductors and Semimet-
als, edited by J. I. Pankove and N. M. Johnson (Academic, Orlando,
1991), Vol. 34, p. 447.

2E. E. Haller, in Handbook on Semiconductors, Vol. 3b, edited by S. Ma-
hajan (North-Holland, Amsterdam, 1994), Chap. 20, p. 1515.

3N. M. Johnson, D. R. Burnham, R. A. Street, and R. L. Thornton, Phys.
Rev. B 33, 1102 (1986).

4M. Singh and J. Weber, Appl. Phys. Lett. 54, 424 (1989).

5M. Mizuta, Y. Mochizuki, N. Takadoh, and K. Asakawa, J. Appl. Phys. 66,
891 (1989).

5B. Clerjaud, D. Cote, W.-S. Hahn, and W. Ulrici, Appl. Phys. Lett. 58,
1860 (1991).

"B. Clerjaud, D. Cote, W.-S. Hahn, and D. Wasik, Appl. Phys. Lett. 60,
2374 (1992).

8B. Clerjaud, D. Cote, and C. Naud, Phys. Rev. Lett. 58, 1755 (1987).

9B. Clerjaud, D. Cote, M. Krause, and C. Naud, Mater. Res. Soc. Symp.
Proc. 104, 341 (1988).

0B, Ulrici, R. Stedman, and W. Ulrici, Phys. Status Solidi B 143, K 135
(1987).

1B, Dischler, F. Fuchs, and H. Seelewind, Physica B 170, 245 (1991).

2. L. Chang and G. L. Pearson, J. Appl. Phys. 35, 374 (1964).

13N. M. Johnson, in Semiconductors and Semimetals, edited by J. I. Pank-
ove and N. M. Johnson (Academic, Orlando, 1991), Vol. 34, Chap. 7.

14B. Pgjot, J. Chevallier, A. Jdlil, and B. Rose, Semicond. Sci. Technal. 4, 91
(1989).

5R. Rahbi, B. Pgjot, J. Chevallier, A. Marbeuf, R. C. Logan, and M. Ga-
vand, J. Appl. Phys. 73, 1723 (1993).

6B, Pgjot, A. Jdlil, J. Chevallier, and R. Azoulay, Semicond. Sci. Technal. 2,
305 (1987).

P S Nandhra, R. N. Newman, R. Murray, B. Pgjot, J. Chevallier, R. B.
Beall, and J. J. Harris, Semicond. Sci. Technol. 3, 356 (1988).

BM. Stavola, S. J. Pearton, J. Lopata, C. R. Abernathy, and J. Bergman,
Phys. Rev. B 39, 8051 (1989).

9B, Clerjaud, D. Cote, F. Gendron, W.-S. Hahn, M. Krause, C. Porte, and

W. Ulrici, in Proceedings of the 16th International Conference on Defects
in Semiconductors, edited by G. Davies, G. G. De Leo, and M. Stavola
(Trans Tech, Switzerland, 1992), p. 563.

R, Darwich, B. Pajot, B. Rose, D. Raobein, B. Theys, R. Rahbi, C. Porte,
and F. Gendron, Phys. Rev. B 48, 17776 (1993).

McCluskey et al.



