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The electrical properties of rhodium-related defects in low-pressure metal-organic chemical-vapor-
deposition-grown InP:Rh are investigated. Rh concentrations up to 131019 cm23 are achieved without for-
mation of macroscopic RhxPy precipitates. With deep-level transient spectroscopy, two Rh-related deep levels,
RhA and RhB, are observed inp-InP:Rh having zero- and low-field activation energies ofEV10.71 and
EV10.62 eV, respectively. Optimization of the growth parameters allows for both traps to obtain electrically
active concentrations up to 231015 cm23. Detailed capacitance transient investigations were undertaken to
study the field dependence of the emission rates and the hole capture cross sections of both levels. The
emission rate is found to be strongly field dependent for both levels. For RhA the experimental data are well
fitted with a Poole-Frenkel model employing a three-dimensional square well potential of 7.5 nm. The field-
enhanced emission of RhB can be explained by a Coulomb potential in combination with a phonon-assisted
tunneling process. Evidence is given that RhA is the Rh31/21 deep acceptor level in InP caused by isolated
substitutional Rh on In sites. Both traps are suited as compensating acceptors for the growth of semi-insulating
InP.

I. INTRODUCTION

3d transition metals~TM’s! in InP have been studied very
intensively in the last decade.1 Only little is known about the
properties of the heavier 4d and 5d transition metals.2,3

Bremond et al.3 investigated several 4d transition metals
~Nb, Mo, Ru, Rh, Pd! in InP grown by the liquid encapsu-
lated Czochralski technique and the gradient freeze method.
They observed precipitates at doping levels above 331016

cm23 and detected several traps by deep-level optical spec-
troscopy inn-type InP. None of these traps, however, could
be clearly identified as transition metal induced. The main
problem of growing transition-metal-doped InP from the liq-
uid phase are the low solubility, the small distribution coef-
ficient, and the large reactivity of phosphorous in the melt
with many transition metals being most probably responsible
for the formation of precipitates. Using low-pressure metal-
organic chemical-vapor deposition~MOCVD! growth forma-
tion of precipitates of the transition metal with phosphorous
can be strongly reduced.

Theoretical predictions for the energy positions of heavy
transition-metal-induced deep levels have been made by
Makiuchiet al.4 They propose that 4d and 5d transition met-
als in III-V semiconductors induce energy states above those
of the isovalent 3d elements. Recently, this prediction has
been found valid to explain the shift of the energy positions
for the isovalent series of transition metals Ti, Zr, and Hf in
MOCVD-grown InP.2

Doping with the 3d transition metal Fe is presently the
only way to obtain semi-insulating InP.5–8 Then-type back-

ground of nominally undoped InP can be compensated by Fe,
which introduces a midgap acceptor level.5 Fe has shown an
undesired low thermal stability and in contact withp-type
layers a strong interdiffusion with shallow acceptors9,10 is
observed limiting device applications. A solution to this
problem could be 4d or 5d transition metals introducing
deep acceptor states. These elements have larger ionic radii
than their isovalent 3d counterparts and therefore a lower
diffusivity can be expected. By measuring ion implanted as
well as MOCVD grown samples with secondary ion mass
spectroscopy the diffusion coefficient of several 4d and 5d
transition metals has been determined by us.11,12The Rh dif-
fusion coefficient, for example, is three orders of magnitude
lower than for Fe@1310214 cm2/s as compared to 1310211

cm2/s ~Ref. 12!#. The low diffusivity of 4d and 5d transition
metals thus makes them interesting candidates as dopants to
produce semi-insulating and at the same time thermally
stable III-V compounds.13 The aim of this work is to study in
detail the electrical properties of Rh-induced deep levels in
MOCVD-grown InP by means of deep-level transient spec-
troscopy~DLTS! in particular as a function of the electric
field. Rh is the 4d transition metal isovalent to Co, which
induces a deep acceptor level Co31/21 0.32 eV above the
valence band in InP.14 Thus Rh is a likely candidate for a
midgap acceptor in InP. Preliminary investigations by us in-
deed have indicated that Rh induces a deep midgap level
above the Co31/21 acceptor in MOCVD grownp-InP:Rh
~Refs. 13 and 15! and in liquid phase epitaxial~LPE! grown
In0.53Ga0.47As:Rh.
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II. MOCVD GROWTH AND EXPERIMENTAL
PROCEDURE

The precondition for doping is the existence of a metal-
organic precursor of the dopant that is stable in a H2 atmo-
sphere and provides a sufficiently high vapor pressure. Espe-
cially for Rh this is very difficult to realize because of the
strong catalytic behavior of Rh in a hydrogen atmosphere,
which is used by us as carrier gas. Fast degradation of most
organic Rh compounds limits the variety of substances suit-
able for standard MOCVD. We found two stable Rh
compounds, namely Rh~cp!~cod! ~cyclopentadienyl-
cyclooctadienyl-rhodium! and CYNOR @cyclopentadienyl-
norbonadien-rhodium~l!#. Both are solid sources. CYNOR
has a higher vapor pressure allowing higher Rh concentra-
tions in the reactor. Our samples are grown with an Aixtron
LP-MOCVD at a reactor pressure of 20 mbar and a growth
temperature of 640 °C. The InP growth rate is about 2.5
mm/h using TMIn and PH3 as source materials.

For the DLTS measurements we fabricatep1/n or n1/p
type diodes, which are Rh doped in then-or p-type layer,
respectively except for reference samples. Dopant sources
are SiH4 for then-doped layers and dimethylzinc~DMZn! or
dimethylcadmium~DMCd! for the p-doped layers. Rh dop-
ing levels up to 331018 and 131019 cm23 are achieved for
Rh~cp!~cod! and CYNOR, respectively.

Double-x-ray-diffraction ~DXD! measurements show a
slight broadening of the InP~004! reflection only at a Rh
doping level of 131019 cm23. The full width at half maxi-
mum ~FWHM! rises here from 13 to 19 arcsec comparing
undoped and Rh-doped InP samples. At lower doping levels
no broadening is found. Additionally no macroscopic defects
are observed with a Normarski microscope.

For DLTS measurements mesa diodes with diameters of
200–800mm are fabricated by photolithography and wet
chemical etching. Ohmic contacts are evaporated on the front
and backside of the diodes.

DLTS measurements are carried out with a computer con-
trolled system using a Boonton 7200 capacitance bridge and
a HP 8115A pulse generator. Complete capacitance transients
are recorded and stored for analysis. The stored data can be
used for the synthesis of conventional DLTS spectra by sub-
tracting capacitance values at two different delay timest1
and t2 and plotting this differenceDC as a function of tem-
perature. The result is equivalent to the double boxcar inte-
grator method.

III. RESULTS

A. Identification of A and B traps

Figure 1 shows the DLTS spectra of Rh-doped and un-
dopedp-InP. Inp-type InP layers deep Rh-induced levels are
observed. For short filling pulses a peak labeled RhA can be
observed. With increasing filling pulse length the RhA peak
broadens at its low temperature side~Fig. 1!. This broaden-
ing is due to two different effects: First by capture in the
free-carrier Debye tail, occurring in a region with a higher
field, combined with field enhanced emission. The second
cause is an additional level named RhB. This level RhB has
a much lower capture cross section than RhA and therefore
occurs only for longer filling pulse lengths.

To study the trap RhB it is necessary to separate the two
overlapping peaks RhA and RhB. Such a separation is not
possible with conventional boxcar techniques, even if a small
difference of the Boxcar time window is used. To get direct
access to the properties of RhB we subtract the RhA peak.
This can be done in a straightforward way because RhA has
a much larger capture cross section than RhB. As can be seen
in Fig. 1 for short filling pulses RhA completely dominates
the spectrum. For long filling pulses the RhB peak appears at
the low-temperature side of RhA. DLTS spectra showing
only the RhB emission are generated from transients that are
obtained by the subtraction of transients where RhA just
saturates from transients recorded with much longer filling
pulses where both peaks are present~Fig. 2!.

The concentration of RhA and RhB as determined by
DLTS measurements is found to be much lower than the
absolute Rh content of the layers~Fig. 3!. To get a high
electrical activation of Rh we varied our MOCVD growth
parameters and fabricated a variety of samples at different
Rh precursor flows, temperatures, III-V ratios and reactor
pressures. We found that the only way to significantly in-
crease the concentration of the two Rh-related deep levels is
to increase the absolute Rh concentration of the layers. For a
Rh concentration of 131017 cm3 the concentration of the

FIG. 1. DLTS spectra of Rh-dopedp-InP for different filling
pulse lengths. Carrier concentration of the sample isNA5331016

cm23.

FIG. 2. DLTS spectra for a short and for a long filling pulse
showing RhA and both levels RhA and RhB. The subtracted spectra
resulting out of these data shows RhB only. Carrier concentration of
the sample isNA5431015 cm23.
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level RhA is determined to be approximately 131014 cm3

increasing more than one order of magnitude to 231015 cm3

at a Rh doping level of 531018 cm3 ~Fig. 3!. A clear upper
limit for the concentration of RhA could not be observed. At
a Rh content above 131019 cm23 the crystallographic quality
of InP starts to deteriorate causing additional DLTS peaks
making an exact determination of the concentration of RhA
impossible. In all samples studied the concentration of RhB
is found to be about 80% of the concentration of RhA.

B. Field effect

The emission characteristics of RhA are investigated us-
ing short filling pulses. Figure 4 shows the RhA signature for
different electrical fields in the space charge region of the
diodes obtained by double correlation deep-level transient
spectroscopy measurements~DDLTS!.17 Transients recorded
for different filling pulse heights are subtracted here from
each other resulting in transients of carrier emission in a
small portion of the space charge region with well-defined

electrical field. The Arrhenius plots generated from these
DDLTS data show a strong dependence of the emission rate
on the strength of the electric field~insert Fig. 4!. The acti-
vation energies range fromEV1~0.7160.01! eV for a field
strength of 33104 V/cm to EV1~0.3560.02! eV at 3.23105

V/cm, corresponding to an increase of the hole emission rate
by over a factor of 1000 if the electric field is raised by a
factor of 10. This field enhanced emission can be explained
by a Poole-Frenkel effect.18 The energy barrier for carrier
emission given by the defect potential of the charged center
is lowered. For a variety of possible defect potentials the
Poole-Frenkel barrier lowering has been modeled in the
work of Martin, Streetman, and Hess:18 The simplest poten-
tial form that can be assumed for a charged center is a Cou-
lomb potential. If a strong phonon coupling of the deep cen-
ter exists this can be taken into account by an additional
term. This term considers phonon-assisted tunneling and
mainly results in a reduction of the emission rate at lower
field strengths as compared to a Coulomb potential only. A
screening of the charge by surrounding electrons is consid-
ered for by a Yukawa potential. Such a screened Coulomb
potential leads to a weaker field dependence of the emission
rate than a simple Coulomb potential. Another possible po-
tential form for a charged transition-metal center is a square-
well potential successfully employed to fit the field enhanced
emission of the deep Ti31/41 donor in InP.19

For a simple Coulomb potential the emission rate at field
F is given by

ep~F !

ep~0!
5

1

g2 @eg~g21!11#1
1

2

with g5S qF

p« r«0
D 1/2q/kT, ~1!

whereq is the electronic charge,«0 the permittivity of free
space,«r the relative permittivity of the host crystal,k the
Boltzmann constant,T the temperature, andF the electric
field. Linesa andb in Fig. 5 correspond to fits assuming a
single and a double charged center, respectively.q52 gives a
reasonable fit of the high-field data but underestimates the
emission rate at lower fields. As mentioned above, a screened
Coulomb potential18 results in an even lower rise of the

FIG. 3. Concentration of the level RhA in p-InP at different Rh
concentrations as measured with secondary-ion-mass spectroscopy.
Full squares: samples grown with Rh~cp!~cod!, open squares:
samples grown with CYNOR.

FIG. 4. DDLTS spectra ofp-InP:Rh at different field strength
~t562.47 ms!. The inset shows Arrhenius plots of RhA as generated
by DDLTS measurements. Activation energies and field strengths
are ~from the left to the right!: EA50.71 eV, F533104 V/cm;
EA50.67 eV,F51.93105 V/cm; EA50.59 eV,F51.73105 V/cm;
EA50.57 eV,F523105 V/cm; EA50.49 eV,F52.43105 V/cm;
EA50.40 eV,F52.93105 V/cm; EA50.35 eV,F53.23105 V/cm.

FIG. 5. Experimentally observed emission rates~squares! and fit
with a Coulomb potential withq5e (a), q52e (b), a Coulomb
potential withq52e combined with a phonon-assisted tunneling
process (c) and for a square-well potential of 7.5 nm (d).
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emission rate with increasing electric field strength and
therefore seems not to be suited to fit the emission charac-
teristic of RhA.

Vincent, Chantre, and Bois describe a one-dimensional
Coulomb potential combined with a one-dimensional
phonon-assisted tunneling process.20 As in the case without
phonon-assisted processes, a good fit can be achieved for
higher field strengths by assuming a double charged center
~line c in Fig. 5!. However, our low-field data again cannot
be fitted with such a potential. Therefore a Coulomb poten-
tial even in combination with a phonon-assisted tunneling
process is not suited to fit our data. Baberet al.19 success-
fully employed a three-dimensional square-well potential18

to fit the field effect data obtained for the deep Ti31/41 donor
level in InP

ep~F !

ep~0!
5

1

2g
~eg21!1

1

2
, ~2!

leading to a field-dependent emission rate withg5qFr/kT, r
being the radius of the well. Assuming a single charged cen-
ter we can obtain a good fit of our data with Eq.~2! using a
square-well potential radius of 7.5 nm. From fit, the zero-
field position of the RhA trap can be determined to 0.71
60.01 eV above the valence band.

RhB shows a strong field influence as well~Fig. 6!, being
even stronger than in the case of the RhA trap. The variation
of the activation energy betweenEV1~0.6260.02! eV and
EV1~0.3260.02! eV for field strength range from 4.43104

to 2.03105 V/cm, respectively~inset of Fig. 6!. This corre-
sponds to a rise in the emission rate by more than 600 when
the field is raised by only a factor of 4.5. To investigate the
emission characteristics of RhB we had to extrapolate the
data of the low-field Arrhenius plot to lower temperatures
due to the large shift of the emission rate with increasing
electric field.

The very strong rise of the emission rate of RhB with
increasing field cannot be described by a Coulomb or square-
well potential. Only assuming a doubly charged Coulomb

potential combined with a phonon-assisted tunneling process
gives a reasonable fit of the data~Fig. 7!. From this fit it is
found that the unoccupied RhB trap belongs to a charged
center as RhA. For RhB, however, an additional strong-
phonon coupling has to be taken into account. Our data of
RhB are very limited, making it difficult to determine the
zero-field activation energy. It should be slightly larger than
the low-field activation energy ofEV10.62 eV. Thus RhB is
found to be also a midgap trap in InP.

C. Hole capture

In DLTS measurements the value of the carrier capture
cross sections` is usually determined from the intersection
of the Arrhenius plot at 1/T50. This value fors` usually
differs much from the experimentally observed value ofs at
lower temperatures. In addition the emission rate is also a
function of temperature. A correction of the apparent activa-
tion energy is necessary if such a temperature-dependent
capture cross section is observed. Knowing the electron and
hole capture cross sections of a deep level, it is possible to
determine whether a deep level behaves as a carrier trap or a
recombination center.

The hole capture cross section of RhB can be determined
directly by using the DLTS data shown in Fig. 8. These

FIG. 6. DDLTS spectra of RhB for different field strengths. The
inset shows the Arrhenius plots as generated by DDLTS measure-
ments. Activation energies and field strengths for RhB are~straight
lines from the left to the right!: EA50.62 eV, F543104 V/cm;
EA50.45 eV,F51.43105 V/cm; EA50.39 eV,F51.73105 V/cm;
EA50.32 eV,F523105 V/cm. For reference the low-field and a
high-field ~F523105 V/cm! Arrhenius plots of RhA are also plot-
ted ~dotted lines!.

FIG. 7. Emission rates of RhB ~squares! and fits forq52e with
a Coulombic potential (a) and with an additional phonon assisted
tunneling process (b).

FIG. 8. DLTS spectra of RhB for increasing filling pulse lengths
after subtraction of transients obtained by a shorter filling pulse
where RhA is just saturated.
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DLTS data are generated from transients for filling pulses of
different lengths from which transients for a shorter pulse
where RhA is saturated were subtracted. The data show an
exponential capture behavior for RhB, taking into account a
Debye-tail correction as described in the work of Baber
et al.21 ~Fig. 9!. It is found that the hole capture cross section
of RhB is temperature independent in the range from 250 to
281 K and yieldssh5~1.061.0!310220 cm2.

Looking at the hole capture of RhA, this process seems to
be nonexponential~squares in Fig. 10!. Carrier capture in the
free-carrier Debye tail21 is thought to cause this dependence.
Using a Debye-tail correction for long filling pulses~inset of
Fig. 10! it is, however, not possible to fully correct the cap-
ture data~circles in Fig. 10!. Thus the capture cannot be
described by a single level. As mentioned before, the second
DLTS peak RhB, which has an approximately two orders of
magnitude lower capture cross section than RhA appears for
long filling pulses at the low temperature side of the RhA
peak. Taking this into account, the Debye-tail correction for
long filling pulses is a correction mainly of the RhB Debye
tail because the influence of the RhA Debye tail for very long
pulses is negligibly small. Therefore the resulting data

~circles in Fig. 10! still contain exponential parts caused by
RhA and RhB and from the RhA Debye tail. The influence of
the hole capture of RhB and the Debye tail of RhA is repre-
sented by the dashed line in the corrected data of Fig. 10.
Subtracting these data the exponential capture data for RhA
remain~triangles in Fig. 10!. The hole capture cross section
of RhA is found to besh5~1.761.5!310218 cm2 indepen-
dent of temperature in the range from 255 to 312 K. The
large error is caused by the various corrections we made.
Thus the emission rate is also not influenced by temperature
and the activation energy of these levels does not have to be
corrected.

Both Rh-induced deep levels RhA and RhB are only ob-
served in hole emission and only inp-type InP. It is not
possible to determine the electron capture cross sections of
RhA or RhB. Since electron emission is not observed, both
centers act as hole traps instead of recombination centers.

IV. DISCUSSION

Two Rh-induced deep levels RhA and RhB are observed
in InP. The electrically active concentration of these deep
levels increases nearly linearly with the absolute Rh content
of the layers. In DXD measurements, an increase of the
FWHM of the InP~004! reflex is observed for Rh doping
levels larger than 131019 cm23. At such doping levels the
crystal structure starts to get significantly deteriorated. This
deterioration is possibly due to the strong reactivity of Rh
with phosphorous, which leads to the formation of RhxPy
precipitates. Due to such reactions, electrically active Rh
concentration might be strongly reduced already at lower
total concentrations. In DLTS measurements, the deteriora-
tion of the crystalline quality results in additional DLTS
peaks. These peaks make an exact determination of the Rh-
related deep-level concentration at Rh doping levels above
131019 cm23 impossible.

RhA and RhB show a strong field effect that can be used
to identify these traps. For RhA the fit with a square-well
potential suggests that RhA is due to an acceptor like transi-
tion as Rh21/31 or Rh11/21. To clearly identify RhA, we
compare our data with two theoretical predictions. First of
all, the energy position of a 4d transition metal is expected to
be above that of its isovalent 3d element.4 The isovalent 3d
transition metal to Rh is Co. The Co21/31 acceptor in InP is
situated atEV10.32 eV well below the Rh levels.14 The
Co11/21 transition, which is expected to be positioned above
the Co21/31 acceptor, is not observed in InP. Therefore RhA
with EA5EV1~0.7160.01! eV cannot be the Rh11/21 tran-
sition. Taking into account the prediction of Makiuchiet al.4

and our field effect data RhA is possibly the Rh21/31 deep
acceptor in InP~Fig. 11!.

Secondly, we compare the energy position of the Rh-
induced deep levels RhA in InP and Rh1 in In0.53Ga0.47As,
which is observed by DLTS in electron emission in both LPE
grown16 and MOCVD grown In0.53Ga0.47As:Rh. Based on
the high electrical active concentration of Rh1 in MOCVD
grown In0.53Ga0.47As, a precise determination of the activa-
tion energy could be made asEC2~0.4160.03! eV at 300 K.
From the internal reference rule22 it is expected that the en-
ergy position of a transition-metal-induced defect~here Rh
on cation site! is independent of the host compound and at a
fixed energy as compared to an internal energy level. The

FIG. 9. Capture data for RhB at 281 K. The inset shows the plot
for the Debye-tail correction~straight line!.

FIG. 10. Capture data of RhA as obtained by spectra as in Fig.
1 ~squares!. The inset shows the Debye-tail correction of the data
corresponding to a correction of the influence of the RhB Debye tail
resulting in the data given as circles. Subtracting the remaining
influence of the level RhB and the RhA Debye tail given by the
dotted line results in the capture data of RhA ~triangles!. Carrier
concentration of the sample isNA5431015 cm23.
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validity of the internal reference rule has been proven for 3d
transition metals in III-V and II-VI compounds.22 For the
Rh-correlated levels Rh1 in In0.53Ga0.47As and RhA in InP
the internal reference rule22 is perfectly fulfilled ~Fig. 11!.
Thus, RhA and Rh1 are attributed to the Rh31/21 acceptor
levels in InP and In0.53Ga0.47As, respectively.

For the second level, RhB, the fit of the field effect data
with a combination of a Coulomb potential with a phonon-
assisted tunneling process suggests that this level is also due
to an acceptorlike transition. The observed strong interaction
with the lattice suggests that RhB is possibly a doubly
charged acceptorlike Rh-related complex.

The fit of the field dependence of the thermal hole emis-
sion of RhA yields a radius of a square-well potential of 7.5
nm. From this value the hole capture cross sections can be
calculated19 to be 1.8310212 cm2. This value fors is in good
agreement withs` obtained from the intersection of the

Arrhenius plot at 1/T50 ~Table I!. For the capture of a hole
by a charged center, corresponding to the transition of Rh21

to Rh31, a large capture cross section can be expected similar
to that for electron capture of the Ti31/41 deep donor in
InP.19,23However, at temperatures around 300 K a hole cap-
ture cross section as low as 1.7310218 cm2 has been deter-
mined for the Rh21/31 deep-level RhA. Not observing any
electron emission signal inn-type InP the electron capture
cross section of the midgap level RhA must be well below
this value of 1.7310218 cm2. We compared the values of the
capture cross sections to those of 3d transition-metal-
induced midgap traps in InP~Fe31/21, Ti31/41! at similar
temperatures~Table I!. For Fe the values for the electron and
hole capture cross sections at 300 K are 2310217 and
4310218 cm2, respectively.24 For Ti a larger difference in the
capture cross sections is observed. The electron and hole
capture cross sections are determined to be 6.6310213 cm2

~Refs. 19 and 23! and 2.7310222 cm2 ~Ref. 23! at 300 K. In
the case of Fe, a capture barrier causes a lowering of the
capture cross sections by several orders of magnitude com-
pared to the values ofs` .

24 In the case of Ti, only a capture
barrier for hole capture is known.23 Possibly, the low value in
the hole capture cross section of RhA comparable to the hole
capture cross section of Fe is due to a barrier for carrier
capture. For RhA such a barrier was not observed in capture
measurements at temperatures around 300 K. This might be
due to a shift of the onset of the rise of the capture cross
section to higher temperatures caused by a relatively high
capture barrier. The level RhB is found to be possibly a
double charged center situated closer to the valence band
than RhA. Therefore a larger capture cross section than for
RhA can be expected. Instead we observe unexpectedly a
hole capture cross section for RhB, which has a four order of
magnitude lower value. This low value might be due to the

FIG. 11. Band diagram of In0.53Ga0.47As and InP with the Rh-
related levels observed in both materials and the Co acceptor level
in InP ~Ref. 14!.

TABLE I. Electrical characteristics of the Rh-related deep levels in InP. Additionally listed are the
properties of the Fe21/31 ~Refs. 24, 25!, Ti31/41 ~Refs. 19, 23!, and Co21/31 ~Ref. 14! deep levels in InP. The
activation energy of the Fe21/31 transition at 300 K is calculated from the value given in Ref. 25 at 1.7 K.

Level

Activation
Energy
~eV!

Poole-Frenkel
effect

best fit with
s`

~cm2!
s(T)
~cm2!

RhA EV10.7160.01 Square-well
potential of
7.5 nm

Arrhenius plot:
sp`

51.3310212

From the square-
well potential size:
sp`

51.8310212

sp51.761310218

~255–312 K!

RhB >EV10.62
EV10.6260.02 at
F54.43104 V/cm

Coulomb potential
combined with
phonon-assisted
tunneling

Arrhenius plot:
sp`

57.6310214
sp51.061310220

~250–281 K!

Fe21/31 EV10.74 sp`
52.5310215

sn`
56.5310216

sp54310218 ~300 K!
EB5166 meV
sn52310217 ~300 K!
EB589 meV

Ti31/41 EC20.5960.02 Square-well
potential of
4.6 nm

From the square-
well potential size:
sn`

56.6310213

sp5~2.8–27!310223

~100–300 K!
EB530 meV
sn'6310213 ~300 K!

Co21/31 EV10.32 eV
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influence of the strong coupling of RhB to the lattice causing
a high capture barrier.

V. SUMMARY

We successfully doped InP with the 4d transition metal
Rh by LP-MOCVD growth. Inp-InP:Rh two Rh-related
deep acceptor levels RhA and RhB have been observed by
DLTS ~Table I!. Both levels show a strong field effect with
activation energies ofEA5EV1~0.7160.01! eV at zero field
for RhA andEA5EV1~0.6260.02! eV atF54.43104 V/cm
for RhB. The field-enhanced emission data of RhA can be
explained by a Poole-Frenkel effect employing a three-
dimensional square-well potential of 7.5 nm. In the case of
RhB the field-enhanced emission is due to a Coulomb poten-
tial in combination with a phonon-assisted tunneling process.

For RhA and RhB the capture cross sections are deter-
mined tosh51.7 310218 cm2 and sh51.0310220 cm2 at

300 K, respectively. We attribute the level RhA to the
Rh31/21 acceptor level caused by isolated substitutional Rh
on In sites. This level satisfies the internal reference rule22 if
compared to a Rh-related level~Rh1! observed in
In0.53Ga0.47As. Analysis of the field-effect data of RhB sug-
gests that this level is due to a Rh-correlated doubly charged
acceptorlike complex. Introducing two midgap acceptor lev-
els, with total electrically active concentration around
431015 cm23, Rh is an interesting candidate for fabricating
thermally stable semiinsulating InP.
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