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We have performed electron spin resonance~ESR! measurements on Yb-dopedn-type andp-type
InP layers epitaxially grown by metalorganic chemical vapor deposition. ESR spectra of
Yb31(4 f 13) were observed in bothn-type andp-type samples. However, the ESR intensity of
Yb31(4 f 13) for n-type samples was found to be much lower than that forp-type samples. This
suggests that most Yb ions in Yb-dopedn-type InP are in the Yb21(4 f 14) state rather than in the
Yb31(4 f 13) state. Thus an electron captured by the trap level formed by Yb in the band gap of InP
is not located outside the Yb 4f shell as reported previously, but accommodated in the Yb 4f shell.
© 1997 American Institute of Physics.@S0021-8979~97!01821-5#
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I. INTRODUCTION

Semiconductors doped with rare earth~RE! impurities
have attracted much attention because of their possible
plications to new optical devices, as those semiconduc
exhibit sharp and temperature-stable luminescence. The
minescence mechanism and the atomic configuration of
impurities in semiconductor hosts have been widely stud
Among many possible combinations of RE impurities a
semiconductor hosts, Yb impurities incorporated in InP ha
been one of the most extensively studied, because Yb-do
InP has two characteristic properties, as follows. The firs
that its Yb intra-4f -shell photoluminescence spectrum do
not depend on sample preparation methods, indicating
Yb forms only one kind of light-emitting center in InP.1 It
has been shown that the Yb substitutes for In and
Yb31(4 f 13) is the luminescence center of the tetrahed
symmetry.2 The second is that the energy level scheme of
Yb 4f shell is simple, having only one spin-orbit split e
cited state.

Initially, it was proposed that the acceptor lev
Yb31/Yb21 would be in the lower half of the band gap o
InP, since Yb-doped InP grown by liquid-phase epita
~LPE! showedp-type conductivity.3,4 However, it was re-
vealed that thep-type behavior of LPE-grown material
could be due to unintentionally doped shallow accep
impurities.5 Later, deep level transient spectroscopy~DLTS!6

and Hall effect measurement6,7 revealed that Yb forms an
acceptorlike electron trap~AE trap! level at 30 meV below
the bottom of the conduction band. The AE trap does
contribute carriers by itself, but it can capture an electron
become negatively charged. Whether the electron capt
by AE trap is accommodated in the Yb 4f shell or not is
related to the mechanism and magnitude of the interac
between the Yb 4f shell and InP host. This is a very impo
tant issue concerning the Yb 4f -shell excitation process.

Yb31(4 f 13) in InP is electron spin resonance~ESR! ac-
tive, while Yb21(4 f 14) with a closed 4f shell is ESR inac-
tive. Lambertet al.7,8 observed an ESR spectrum from uni

a!Electronic mail: T.I.@ims.tsukaba.ac.jp
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tentionally Si dopedn-type bulk InP and concluded that Y
ions are in the Yb31(4 f 13) state rather than the Yb21(4 f 14)
state even inn-type InP. On the basis of their results, it h
been recognized that the electron captured by the AE tra
located outside the 4f shell and that Yb ions are in th
Yb31(4 f 13) state. However, then-type bulk InP sample used
in their study was doped only unintentionally from a silic
crucible and there could have been a significant degree
inhomogeneity in the donor concentration. Therefore, it
worth reexaming the 4f -shell configuration of Yb ions by
investigating the relation between the ESR signal intensity
Yb31(4 f 13) and the carrier concentration in well-controlle
epitaxialp- andn-type Yb-doped InP layers.

In this study, ESR measurements were performed
n-type andp-type Yb-doped InP epitaxial layers grown b
metalorganic chemical vapor deposition~MOCVD!. In con-
trast to the results reported by Lambertet al.,7,8 the ESR
intensity of Yb31(4 f 13) for n-type samples was found to b
much lower than that forp-type samples, indicating that a
electron captured by the AE trap is accommodated in the
4 f shell and the Yb ion is in the Yb21(4 f 14) state.

II. EXPERIMENTAL PROCEDURES

The Yb-doped InP samples used in this study, which h
various Yb concentrations and carrier concentrations, w
grown on~100!-oriented Fe-doped semi-insulating InP su
strates by MOCVD, using tris~cyclopentadienyl!ytterbium as
a Yb source. The thickness of the grown epitaxial layers w
in the range of 1–5mm. Nominally undoped sample
showedn-type conductivity. H2Se and tri-ethyl Zn were use
asn- and p-type doping sources, respectively. Doping co
centration profiles of Yb, Se, and Zn were measured
secondary-ion mass spectroscopy~SIMS! and carrier concen-
trations were determined by Hall measurements. The Yb,
Zn, and carrier concentrations in the samples are listed
Table I. The samples were grown at various temperatu
~Table I!, but the effects of the growth temperature will n
be discussed in this article, as it contributed only a min
change to the ESR activity of the Yb atoms. The photolum
nescence~PL! spectra were measured at 5 K, using a He–
445757/4/$10.00 © 1997 American Institute of Physics
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laser operating at 632.8 nm as a source of excitation li
ESR measurements were performed at 4.2 K with an X-b
~9.05 GHz! spectrometer. The relative ESR intensity
Yb31(4 f 13) was obtained by using an ESR signal of Mn21 in
MgO measured simultaneously. The magnetic field w
swept from 500 to 13 500 G. The effectiveg value obtained
in this range of the magnetic field is from 0.5 to 16.

III. EXPERIMENTAL RESULTS AND DISCUSSION

ESR spectra for Yb31(4 f 13) in Yb- and Zn-dopedp-type
sample 1 and Yb- and Se-dopedn-type sample 6 are show

FIG. 1. Typical ESR spectra of Yb31(4f 13) in ~a! the Yb- and Zn-doped
p-type sample 1 and~b! the Yb- and Se-dopedn-type sample 6. These ar
recorded at 4.2 K and 9.05 GHz.

TABLE I. Yb, Se, and Zn concentrations and electrical characteristics
samples.

Sample

Yb
concentration
(31017/cm3)

Se or Zn
concentration
(31017/cm3)

Conductivity
type

Carrier
concentration

at 300 K
(31017/cm3)

Growth
temperature

~°C!

1 4.0 Zn;6 p 5.6 640
2 6.0 Zn,4 p 1.8 640
3 19.0 No n 0.09 560
4 4.5 No n 0.16 600
5 10.0 No n 0.19 640
6 2.8 Se 2.1 n 1.6 600
7 No Se 9.0 n 6.7 600
4458 J. Appl. Phys., Vol. 82, No. 9, 1 November 1997
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in Figs. 1~a! and 1~b!, respectively. The ESR spectra a
isotropic. The spectrum ofp-type InP consists of a stron
central line due to the isotopes of Yb with a nuclear spin
zero ~I 50, 69.4%!, two hyperfine structure lines due t
171Yb ~I 51/2, 14.4%!, and six hyperfine structure lines du
to 173Yb ~I 55/2, 16.2%!, as shown in Fig. 1~a!. However,
the hyperfine structure lines do not be appear inn-type
sample 6, as shown in Fig. 1~b!. This is because of the muc
lower ESR intensity of Yb31(4 f 13) for sample 6 than that for
sample 1. The effectiveg value of Yb31(4 f 13) is identical
for n-type and p-type samples,g53.29360.001. Thisg
value is comparable to previously reported values of 3.8

and 3.29160.0019 by ESR and 3.060.12 by Zeeman spec-
troscopy.

If an electron captured by the AE trap is located outs
the Yb 4f shell, a change in the crystal field is expecte
yielding ag value of Yb31(4 f 13) different from theg value
of Yb31(4 f 13) without an electron. However, theg value of
Yb31(4 f 13) in then-type sample is identical with that in th
p-type sample. This suggests that the Yb centers respon
for the ESR signals ofn- and p-type samples are identica
We will first discuss the reduction in the ESR intensity f
the n-type samples and then discuss the origin of weak E
signals for then-type samples.

Figure 2 shows the relative ESR intensity of Yb31(4 f 13)
normalized by the number of Yb atoms in the epitaxial lay
as a function of the carrier concentration. The numbers of
atoms in epitaxial layers were estimated from the Yb co
centration profiles measured by SIMS. The relative ESR
tensities for then-type samples~s,h! decrease with increas

FIG. 2. Relative ESR intensity of Yb31(4f 13) for nominally undopedn-type
~h!, Se-dopedn-type ~s! and Zn-dopedp-type ~d! samples as a function
of the carrier concentration. The relative ESR intensity was normalized
the number of Yb atoms in the epitaxial layer measured by SIMS. The er
in the relative ESR intensity are mainly due to nonuniformity of Yb co
centrations in the epitaxial layers.
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ing the carrier concentration and are lower than those for
p-type samples~d!. In the Se-doped sample~s! having a
very high carrier concentration, the relative ESR intensity
two orders of magnitude lower than that forp-type samples.
Because a Yb21(4 f 14) ion with a closed 4f shell is ESR
inactive, these results suggest that the donor electron
tured by the AE trap is accommodated in the 4f shell and
that the Yb ion inn-type Yb-doped InP is in the Yb21(4 f 14)
state. However, there is a possibility that the large decre
in the ESR intensity, i.e., the number of Yb31(4 f 13) ions, is
caused by the formation of ESR-inactive complexes of
and Se in the Yb- and Se-dopedn-type sample 6. If Yb–Se
complex centers are efficiently formed, we should obse
the decrease in the concentration of the AE trap form
by Yb.

In order to investigate this possibility, the AE trap co
centration in Yb- and Se-doped sample 6 was estimated
measuring the temperature dependence of the carrier con
tration. Figure 3 shows the temperature dependence of
carrier concentration for the Yb- and Se-doped sample 6
Se-doped sample 7. The solid line in Fig. 3 shows the re
for the MOCVD-grown sample A doped with Yb (1
31016/cm3) and a low concentration of residual dono
which is taken from Ref. 6. Yb in InP forms an AE trap lev
at 30 meV below the bottom of the conduction band. T
temperature dependence of the carrier concentration for
and Se-dopedn-type samples 6 and A shows an increase
carrier concentration above about 77 K~below 1000/T;13!.
This is because in both samples the electron captured by
AE trap was excited to the conduction band. The car
concentration of Se-doped sample 7 without Yb does
depend on temperature in the same temperature rang
contrast to the result with the Yb- and Se-doped sample.

FIG. 3. Temperature dependence of the carrier concentration obtaine
Hall measurement for the Yb- and Se-doped sample 6~d! and the Se-doped
sample 7~s!. The data for Yb-doped sample A were taken from Ref. 5
J. Appl. Phys., Vol. 82, No. 9, 1 November 1997
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AE trap concentration measured by DLTS was evaluated
be about a quarter of the Yb concentration in the sam
measured by SIMS in the present Yb concentration ran6

and the carrier concentration increase above;77 K corre-
sponds to the AE trap concentration. In sample 6, the inc
ment of the carrier concentration above;77 K was esti-
mated to be approximately 0.531017/cm3; this value is
nearly equal to a quarter of Yb concentration, 2
31017/cm3. Therefore, it is likely that most of the Yb ion
do not form complexes with Se in sample 6.

Another argument against the formation of Yb–Se co
plexes is that the Yb and Se concentrations (;1017/cm3) in
sample 6 are relatively low, so that efficient complex form
tion is not expected during MOCVD growth. PL spectra a
K for the Yb- and Se-dopedn-type sample 6 andp-type
sample 2 are shown in Figs. 4~a! and 4~b!. The PL spectrum
for sample 6 exhibits a structure identical to that for sam
2. This shows that a Yb-related luminescence center diffe
from that inp-type samples is not formed inn-type samples.
All these experimental results suggest that the very low E
intensity of Yb31(4 f 13) observed for sample 6 is not due
the formation of Yb–Se complexes.

The relatively low ESR intensities of Yb31(4 f 13) for the
n-type samples compared to those for thep-type samples
indicate that the donor electron captured by the AE trap
accommodated in the 4f shell and that most Yb ions in Yb

by

FIG. 4. PL spectra at 5 K for ~a! the Yb- and Se-dopedn-type sample 6 and
~b! the Yb- and Zn-dopedp-type sample 2.
4459Ishiyama et al.
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dopedn-type InP are in the Yb21(4 f 14) state rather than in
the Yb31(4 f 13) state. In sample 6, which has a higher don
concentration than the AE trap concentration~that is, about a
quarter of the Yb concentration!, there should be no ESR
signals. However, a very weak ESR signal of Yb31(4 f 13)
was observed even in sample 6. It is likely that the we
ESR signal comes from Yb impurities in the depletion lay
near the surface.

It has been believed that the electron captured by the
trap is not accommodated in the 4f shell, but instead is lo-
cated outside the 4f shell. This model was based on the fa
that Lambertet al.7,8 observed an ESR signal of Yb31(4 f 13)
even in Yb-dopedn-type InP, which has a higher concentr
tion of carrier than of Yb. However, the samples used in th
study were melt-grown crystals withn-type impurities incor-
porated from a silica crucible. Thus there could be an in
mogeneity in the samples. That is, to show an ESR signa
Yb31(4 f 13), the carrier concentration in some parts of t
sample may have been lower than the AE trap concentra

The energy transfer probability between the host and
4 f shell is estimated to be much larger for Yb doped I
than for other RE doped semiconductors.10 This may be re-
lated to the fact that the electron captured by the AE tra
accommodated in Yb 4f shell to change from Yb31(4 f 13)
state to Yb21(4 f 14) state, whereas other rare earth eleme
such as Er and Nd take stable trivalent states. These sug
4460 J. Appl. Phys., Vol. 82, No. 9, 1 November 1997

Downloaded 23 Dec 2009 to 130.158.56.186. Redistribution subject to AI
r

k
r

E

t

ir

-
of

n.
E

is

ts
est

that the interaction between Yb 4f shell and InP host is
strong.

IV. CONCLUSIONS

ESR measurements have been performed on Yb-do
n-type andp-type InP grown by MOCVD. It was found tha
the ESR intensity of Yb31(4 f 13) for the n-type samples is
two orders of magnitude lower than that for thep-type
samples. This indicates that the donor electron captured
AE trap is accommodated in the Yb 4f shell and thus mos
Yb ions in n-type InP are in the Yb21(4 f 14) state.
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