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Photocapacitance measurement is applied to investigate the stoichiometry-dependent deep levels in
p-type InP crystals doped with Zn prepared4h annealing at 700 °C under controlled phosphorus
vapor pressure. Photocapacitance results reveal three dominant deep levels. A dominant deep level
at 1.05 eV above the valence band is detected commonly before and after annealing, and the change
of level densities is shown as a function of the phosphorus vapor pressure. Another two deep levels
are also detected after annealing at 0.74 eV above the valence band and at 0.51 eV below the
conduction band. In view of the deviation from the stoichiometric composition of InP, possible
origins of these levels and their optical transition mechanism are discusse@i99® American
Institute of Physicg.S0021-897@7)00107-3

I. INTRODUCTION sure dependence of these level densities has also been re-

: . : orted.
InP crystal is one of the most important semlconductOIp

terials for th licati ¢ ultrafast electronic devi In this article, the 77 K-PHCAP method under constant
materiais for the appiication of ultra-fast electronic eV'Ces’capacitance conditions is applied to the intentionally Zn-

:)hpto-telgcr;c_ronlctd_ewces an(_jt_so on. Ht:)we_v er_,f_dev;atlons fror&opedp-type InP preparedyb4 h annealing at 700 °C under
€ stoichiometric composition can be significant Compareq,, | jeq phosphorus vapor pressure followed by rapid

]EO ?a—tAsb base(: c:?rréppulnds..T?ﬁre;org, tt.he r]:nost l?poita%tooling. The phosphorus vapor pressure dependence of the
actor to be controfied in Ink IS the deviation from the s 0'deep level density is shown, and excitation photocapacitance

|ch|c|>\|rr_1er1tr|c C‘;I‘gpr?s't'on' ious] inted out the i ¢ results show the precise optical transition mechanism of
ishizaw as previously pointed out the importance ;. deep levels,

of stoichiometry control of compounds and the systematic

research on the stoichiometry-dependent defects of IlI-V and

[I-VI compounds has been carried out. II. EXPERIMENT
Up until now, many reports on the deep levels have been

published by means of deep level transient spectroscop&éZ

4 ; 5 E :
(DLTS),” photoluminescencéPL),” photo-induced transient {100-oriented crystal surface. Carrier concentration is

6 -
spectroscopyPITS method: In the case of InP crystal, un 3510 e, After cleaning and etching by a,80,—H,0,

derstanding of the stoichiometry-dependent deep levels h‘fjlssolution a sample crystal is placed in one end of a dumbbell-
been lacking compared with those of GaAs or GaP crystalst. ' P Y P

Recently, the authofsapplied the photocapacitand@®H- ype quartz ampoule with 6N red phosphorus in the other

CAP) method to investigate the stoichiometry-dependen nd. After sealing in vactum, the ampoule was put into a
q L . wo-temperature zoned electric furnace. Heat treatment was
eep levels in intentionally-undopedtype InP crystal pre-

pared ly 4 h annealing at 700 °C under controlled phos’_carried out at 700 °C under controlled phosphorus vapor

. 8 pressure. Heat treatment time was kept ® b h in the
phorus vapor pressure. Photocapacita(leelCAP® mea- .
. ; esent experiments. Phosphorus vapor pressure at the phos-
surement by constant capacitance method is a very usef : )
. ) - . orus zoneP,, is determined from the temperature of red
method to determine the precise level densities and their e hospharus referring to HoniiThe phasphorus vapor pres
ergy levels. From the photocapacitance results-dnP, it is phosp g bhosp por p

shown that three dominant deep levels were detected at 0.63"¢ at the crystal zon®, was obtained from the following

H 0
and 1.1 eV below the conduction band and 0.74 eV abovgquatlonl.

the valence band, respectively. The phosphorus vapor pres- P=Py(T/T,)*?, )

The starting crystals used were liquid-encapsulated-
ochralskiLEC) grown p-type InP doped with Zn with the

J. Appl. Phys. 81 (7), 1 April 1997 0021-8979/97/81(7)/3151/4/$10.00 © 1997 American Institute of Physics 3151

Downloaded-11-Nov-2008-to-130.34.135.83.-Redistribution—subject-to~ASCE-license-or-copyright;~see-http://jap.aip.org/jap/copyright.jsp



2x10"T o
1 ~ g 1 1 Torr \
— F > ©x10°° [ 1.05eV+E, !
? ;" E 14
£ [ = " 2 4x10 77K
f’ af 1.05eVHE, F . Y 0.74eV+E,
£ 1x10 | I S X
72] [ hH O
Z . - 0 . . L L
L 04 06 08 1.0 12 14
= . 15 PHOTON ENERGY (eV)
O [ 77K @  1x10
O F ., .y v .y .y g 8x1014- 100 Torr
04 06 08 1 12 14 E 6x10'4 [ 1.05eV+E,
PHOTON ENERGY 7] 14
(eV) z 4X101 77K
o 2x10" 0.746V+E
brd \'
FIG. 1. lon density PHCAP spectrum of intentionally Zn-dogetype InP O oF
with the carrier concentration oP&L0'” cm 2 before annealing. - . L . L .
0406 08 10 12 14
. 14 PHOTON ENERGY (eV)
whereT and T, are the temperature of InP crystals and red @ 8x10
phosphorus, respectively. After annealing, the ampoule was § 6x1014 | 760 Torr /\
rapidly cooled by dipping into water. Metal-semiconductor - .
contact diodes were made by Au evaporation as a barrier E 4x1014 | 1.05eV+E, : .
metal, and AuZn/Au was used for the ohmic contact on the % 0 7\
back surface. Monochromatic light was fed into the depletion LIDJ 2x1014 B h
layer of the sample diodes. PHCAP measurement was car- > 77K
ried out at 77 K. O 0

To determine the level density and their energy levels,
the charge state of the deep levels in the depletion layer was

04 06 08 10 12 1.4

PHOTON ENERGY (eV)

made to be neutral before each light irradiation at 77 K. For
this purpose, forward bias injection was carried out in the

dark before each light irradiation. After light irradiation, bias FIG. 2. lon density PHCAP spectra of intentionally Zn-dogedype InP

voltage AV, changes to keep the junction capacitance conf’f)eFl""‘Tfed 17; S ;‘0%”293"”9 ;‘ ;gg;‘;undef phoiphlomus vapor pressure of
. . . . 2) orr, orr, andc, orr, respectively.

stant according to the ionization of the deep levels. The P y

change of the ion densityANt, is given by the following
equation:
lll. RESULT AND DISCUSSION

AV ;= (€/2C?)AN 2
pn=(€/2C%) AN, @ Figure 1 shows the ion density PHCAP spectrum of in-

where C is the predetermined constant capacitance of theéentionally Zn-doped p-type liquid-encapsulated crystal
sample diodeg is dielectric constant, aniV, is the change (LEC) InP crystal before annealing. It is shown that the ion
of bias voltage. Precise description of the PHCAP measuredensity increases sharply at 1.05 eV above the valence band.
ment and the equipment is reported elsewHére. In the case ofp-type semiconductors, the increase of ion
The PHCAP measurements were carried out as followsdensity is induced by the optical transition of electrons from
A sample diode was cooled and the forward bias injectiorthe valence band to the neutral deep acceptor levels.
was applied in the dark in order to neutralized deep levels Figure 2 shows the ion density PHCAP spectrum of in-
before light irradiation. Then, a saturating bias voltAgg,  tentionally Zn-doped InP crystals preparegd4éh annealing
was obtained in the dark/g,, is attributable for the ther- at 700 °C under various phosphorus vapor pressure. In Fig.
mally ionized level density in the dark. When monochro-2, it is shown that the 1.05 eWEuv level can be detected
matic light was fed into the depletion region of the samplecommonly before and after annealing. In addition, the photo-
diode, bias voltag&/,,, changed according to the ionization ionization of another deep level is detected at 0.74 eV above
of deep levels and the saturating bias voltage was obtainethe valence band whep-InP crystals are annealed under
Net ion density induced by the light irradiation is obtainedlower phosphorus vapor pressure in the range of 1-100 Torr.
by AVpr=Vpn—Vaak. Under constant capacitance condi- However, 0.74 eWEv level cannot be detected, when phos-
tions, the depletion layer thickness is kept constant regardshorus vapor pressure applied was abové60 Torr. In
less of the change in the ion density. view of the 0.74 eV+Ev deep level, we have already re-
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ported in our previous article on-type InP that photoca-
pacitance results revealed the electron capture at 0.74 eMG. 4. (a) lon density PHCAP spectra measured from long wavelength
above the valence band even in intentionally undome after the primary excitation light irradiatiolb) The change of ion density

InP sample before and after annea“ng under various pho?—f Ec—0.51 eV level as a function of the primary excitation light wave-

. ength. Sample used was intentionally Zn-doetype InP prepared by 4 h
phorus vapor pressure. It is also shown that the 0.74E¥  annealing at 700 °C under phosphorous vapor pressure of 760 Torr.
level density inn-type InP decreases with increasing phos-

phorus vapor pressure in the vapor pressure range below

< . .
. 100 Torr. It means that the photoresponse at 0.74 BV PHCAP spectrum was measured repeatedly from the long
in Zn-dopedp-InP corresponds to the electron capture at

0.74 eV inn-type InP. Therefore, it is concluded that the wavelength by changing the primary excitation light wave-

phosphorus vapor pressure dependence of the 0. 7EeV length. As shown in Fig. @), after 1.08 eV light irradiation,

; it is shown that the neutralization is induced at 0.51 eV be-
level density shows good correspondence betweeand . .
) low the conduction band. Figurel® shows the change of
p-type InP crystals, respectively.

Therefore, it is considered that this level is not induced " density ofEc—0.51 eV level as a function of primary

by the unexpected impurity contamination, but is probablyexc'tatlon light wavelength in the range of 1.08—1.4 eV. The

) ion density of theEc—0.51 eV level looks to be saturated
related to phosphorus vacancies or a vacancy. Further, fronbove~l 20 eV light irradiation
the present_ PHCAP spectrum, we conclude that the 0.74 e Figure 5 shows schematic drawing of the optical transi-
+Ev level is related to the phosphorus vacancy due to th?ion

- — . process of this level by the simple flat band diagram.
deviation from stoichiometry, because this deep level i his level at 1.08 eV above valence band is ionized after

;?Jrrrged by annealing under a lower phosphorus vapor PreS o0g ev light excitation light. Then, the neutralization of the

Figure 3 shows phosphorus vapor pressure dependence
of the 1.05 eV deep level density. It is shown that 1.05 eV
+Ev level density increases with increasing phosphorus va-
por pressure. Deep level at 1.05 eV was not detected in un-
doped InP but can be observed in Zn-dogethP. In view o/ 0516V
of phosphorus vapor pressure dependence of this deep level ~a—l—
and the effect of impurity doping, the origin of 1.05 eV may =/0
include defect-impurity complex with relation to either In
vacancies or P interstitials. 1.08 eV :

il ransiion mechanism of he 05 eV level above the. | gy
valel\nce band. Figu?e(a) shOV\]:s rtfe eoxcitatitlyn PIHCbAP sphec- %%///////////%

trum of an intentionally Zn-dopeg-InP sample prepared by

1 o
4 h annealing at 700 C unde_r a [I_)hOS_ph_OI’US Vapc_” pressure IQIfG 5. Schematic drawing of the optical transitionfad—0.51 eV and 1.05
760 Torr_- After the primary light irradiation at all "_“erval Of_ eV+Ev levels inp-type InP deduced from the present excitation PHCAP
0.02 eV in the spectral range from 1.0 to 1.4 eV, ion densitytesults.

Conduction Band

1.41eV ( T7K)
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level is induced by the electron transition at 0.51 eV belowoptical transition mechanism of these deep levels, the exci-
conduction band by the Frank—Condon shift of about 0.09ation PHCAP results revealed the neutralization at 0.51 eV
eV. Therefore, in view of optical transition mechanism, it is just after 1.08 eV light irradiation. Therefore, it is concluded
concluded that the neutral 1.08 e¥uv level corresponds to that the ionized level of the neutral 1.08 ¢¥v level lo-

the ionizedEc—0.51 eV level. cates at 0.51 eV below the conduction band.
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