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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<0*f cm™2 are achieved without for-
mation of macroscopic RR, precipitates. With deep-level transient spectroscopy, two Rh-related deep levels,
RhA and RIB, are observed ip-InP:Rh having zero- and low-field activation energiesEqf+0.71 and
E,+0.62 eV, respectively. Optimization of the growth parameters allows for both traps to obtain electrically
active concentrations up tox2L0'® cm™3. 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. FArtRé 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 Bhcan be explained by a Coulomb potential in combination with a phonon-assisted
tunneling process. Evidence is given thatARis the RH/2" 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.

[. INTRODUCTION ground of nominally undoped InP can be compensated by Fe,
which introduces a midgap acceptor levéle has shown an
undesired low thermal stability and in contact wipktype
layers a strong interdiffusion with shallow accepfdfsis
observed limiting device applications. A solution to this
problem could be 4 or 5d transition metals introducing

lated Czochralski technique and the gradient freeze methogﬁee‘p acgeptor states. These elements have larger ionic radii
an their isovalent @ counterparts and therefore a lower

They observed precipitates at doping levels aboxel G diffusivity can be expected. By measuring ion implanted as

_3 " . A
cm and_ detected several traps by deep-level optical SPEC Al as MOCVD grown samples with secondary ion mass
troscopy inn-type InP. None of these traps, however, could

. spectroscopy the diffusion coefficient of several dand

be clearly identified as transition metal induced. The ma"}ransition metals has been determined b€ The Rh dif-
problem of growing transition-metal-doped InP from the lig- fusion coefficient, for example, is three orders of magnitude

uid phase are the low solubility, the small distribution Coef'lower than for F§1x10"% cnfls as compared 03410 1

ficient, and the large reactivity of phosphorous in the melt e .

with many transition metals being most probably responsiblé‘:mz/S (Ref. 12). The low d_|ffu5|V|ty of 4d and &l transition

for the formation of precipitates. Using low-pressure metal-mEtaIS thus mqkes thgm interesting candldate's as dopants to

organic chemical-vapor depositiéllOCVD) growth forma- produce seml-lnsulatlnsg and'at the. same'tlme thermally

tion of precipitates of the transition metal with phosphorousStable 1li-V ComPOU”dé- The aim of this work is to study in

can be strongly reduced. detail the electrical properties of Rh-induced deep levels in
Theoretical predictions for the energy positions of heavyMOCVD-grown InP by means of deep-level transient spec-

transition-metal-induced deep levels have been made bifoscopy(DLTS) in particular as a function of the electric

Makiuchiet al* They propose thatdland 5 transition met-  field. Rh is the 4 transition metal isovalent to Co, which

als in I1-V semiconductors induce energy states above thosduces a deep acceptor level £8" 0.32 eV above the

of the isovalent 8 elements. Recently, this prediction has valence band in In® Thus Rh is a likely candidate for a

been found valid to explain the shift of the energy positionsmidgap acceptor in InP. Preliminary investigations by us in-

for the isovalent series of transition metals Ti, Zr, and Hf indeed have indicated that Rh induces a deep midgap level

MOCVD-grown InP? above the C¥7?" acceptor in MOCVD grownp-InP:Rh
Doping with the 3 transition metal Fe is presently the (Refs. 13 and 1band in liquid phase epitaxidLPE) grown

only way to obtain semi-insulating 1P The n-type back-  Iny s{Ga, ,As:Rh1®

3d transition metal§TM’s) in InP have been studied very
intensively in the last decadeOnly little is known about the
properties of the heavierddand X transition metalé:
Bremond et al® investigated several d4 transition metals
(Nb, Mo, Ru, Rh, Pdin InP grown by the liquid encapsu-
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Il. MOCVD GROWTH AND EXPERIMENTAL 25 : : : i :
PROCEDURE ol p-InP RhA 1tgms 1
The precondition for doping is the existence of a metal- | =
organic precursor of the dopant that is stable inaakino- L 15t
sphere and provides a sufficiently high vapor pressure. Espe- -
cially for Rh this is very difficult to realize because of the & 10
strong catalytic behavior of Rh in a hydrogen atmosphere, @ I
which is used by us as carrier gas. Fast degradation of most ,@ 5r
organic Rh compounds limits the variety of substances suit- = 0' T =
able for standard MOCVD. We found two stable Rh L =62.47ms reference sample
compounds, namely Rtp)(cod (cyclopentadienyl- 5L s s - . -
cyclooctadienyl-rhodium and CYNOR [cyclopentadienyl- 100 150 200 250 300
norbonadien-rhodiufh)]. Both are solid sources. CYNOR Temperature (K)

has a higher vapor pressure allowing higher Rh concentra-
tions in the reactor. Our samples are grown with an Aixtron FIG. 1. DLTS spectra of Rh-dopeg-InP for different filling
LP-MOCVD at a reactor pressure of 20 mbar and a growthﬁ)Lﬂse lengths. Carrier concentration of the sampldl is=3x10'®
temperature of 640 °C. The InP growth rate is about 2.5m 2
pm/h using TMIn and PKlas source materials. o

For the DLTS measurements we fabricaté/n or n*/p To study the trap R it is necessary to separate the two
type diodes, which are Rh doped in theor p-type layer, —overlapping peaks Rhand RIB. Such a separation is not
respectively except for reference samples. Dopant sourcd¥ssible with conventional boxcar techniques, even if a small
are SiH, for then-doped layers and dimethylzif®Mzn) or difference of the Boxcar time window is used. To get direct

dimethylcadmium(DMCd) for the p-doped layers. Rh dop- access to the properties of Biwe subtract the RA peak.
ing levels up to %10 and 1x10" cm 2 are achieved for This can be done in a straightforward way becausé Ras

Rh(cp)(cod) and CYNOR, respectively. a much larger capture cross section tha®RAs can be seen
Double-x-ray-diffraction (DXD) measurements show a in Fig. 1 for short filling pulses RA completely dominates
slight broadening of the I{P04) reflection only at a Rh the spectrum. For long filling pulses the Rpeak appears at
doping level of 210 cm™3. The full width at half maxi- the low-temperature side of R DLTS spectra showing
mum (FWHM) rises here from 13 to 19 arcsec comparing®nly the RHB emission are generated from transients that are
undoped and Rh-doped InP samples. At lower doping level§btained by the subtraction of transients whereARbst
no broadening is found. Additionally no macroscopic defectssaturates from transients recorded with much longer filling
are observed with a Normarski microscope. pulses where both peaks are preséig. 2).

For DLTS measurements mesa diodes with diameters of The concentration of Rk and RIB as determined by
200-800um are fabricated by photolithography and wet DLTS measurements is found to pe much lower thgn the
chemical etching. Ohmic contacts are evaporated on the fro@Psolute Rh content of the laye(ig. 3. To get a high
and backside of the diodes. electrical activation of Rh we varied our MOCVD growth

DLTS measurements are carried out with a Computer Conparameters and fabricated a Variety of Samples at different
trolled system using a Boonton 7200 capacitance bridge angh precursor flows, temperatures, Ill-V ratios and reactor
a HP 8115A pulse generator. Complete capacitance transieréessures. We found that the only way to significantly in-
are recorded and stored for analysis. The stored data can BEease the concentration of the two Rh-related deep levels is
used for the synthesis of conventional DLTS spectra by subfo increase the absolute Rh concentration of the layers. For a
tracting capacitance values at two different delay tihes RN concentration of %10 cm® the concentration of the
andt, and plotting this differenc& C as a function of tem-

perature. The result is equivalent to the double boxcar inte- 40 - : - : - -
grator method. RhB _ RhA 1=62.47ms
__30f
=
Il. RESULTS ‘_g’ 20 t,=40ms
A. Identification of A and B traps i)
7]
Figure 1 shows the DLTS spectra of Rh-doped and un- ¢ 10}
dopedp-InP. Inp-type InP layers deep Rh-induced levels are -
observed. For short filling pulses a peak labeled\Ran be a 0 IweRcE %
observed. With increasing filling pulse length the/Rpeak . =00 ,
broadens at its low temperature sideég. 1). This broaden- 200 250 300 350

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 FIG. 2. DLTS spectra for a short and for a long filling pulse
cause is an additional level namedBRIThis level RIB has  showing R and both levels Rh and RIB. The subtracted spectra
a much lower capture cross section thanARInd therefore resulting out of these data showsBRbnly. Carrier concentration of
occurs only for longer filling pulse lengths. the sample iN,=4x10"° cm™3,

Temperature (K)
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FIG. 3. Concentration of the level Rhin p-InP at different Rh FIG. 5. Experimentally observed emission rafsguaresand fit

concentrations as measured with secondary-ion-mass spectroscopfth @ Coulomb potential wittg=e (a), g=2e (b), a Coulomb
Full squares: samples grown with ®p)(cod, open squares: Potential withq=2e combined with a phonon-assisted tunneling
samples grown with CYNOR. process €) and for a square-well potential of 7.5 nrd)(

electrical field. The Arrhenius plots generated from these
DDLTS data show a strong dependence of the emission rate
on the strength of the electric fielthsert Fig. 4. The acti-
vation energies range fromd,,+(0.71+0.01 eV for a field

level RM is determined to be approximately<10** cm®
increasing more than one order of magnitude xal2'® cm®
at a Rh doping level of 510'® cm® (Fig. 3). A clear upper

limit for the concentration of RA could not be observed. At
a Rh content abovex10™ cm™2 the crystallographic quality strength of %10° \.”°m to EV+(0'35iO'02) ev at 3'2.><1.05
V/cm, corresponding to an increase of the hole emission rate

of InP starts to deteriorate causing additional DLTS peak . L

making an exact determination of the concentration oARh ?)y toverfalcf)aCTtﬁ_r Off llé)OO r']f the delect_nc_ﬂeld IS Lalsed IbY ad

impossible. In all samples studied the concentration d8 Rh actor o - 'nis Tield ennanced emission can be explaine
by a Poole-Frenkel effe¢t The energy barrier for carrier

is found to be about 80% of the concentration ofARh . i .
emission given by the defect potential of the charged center
is lowered. For a variety of possible defect potentials the
B. Field effect Poole-Frenkel barrier lowering has been modeled in the

The emission characteristics of Rlare investigated us- v_vork of Martin, Streetman, and He§5The simplest p_oten-
ing short filling pulses. Figure 4 shows the Rkignature for tial form tha.t can be assumed for a Chafged center is a Cou-
different electrical fields in the space charge region of théomb F?Ote”“?"- If a strong phopon coupling of the deep_ cen-
diodes obtained by double correlation deep-level transierf€! €XiSts this can be taken into account by an additional
spectroscopy measuremefBDLTS).}’ Transients recorded term. This term ConSIder_s phonon-ass_lstfad tnneling and
for different filling pulse heights are subtracted here fromMainly results in a reduction of the emission rate at lower
each other resulting in transients of carrier emission in dic/d strengths as compared to a Coulomb potential only. A

small portion of the space charge region with We"_deﬁnedscreening of the charge by surrounding electrons is consid-
P P g g ered for by a Yukawa potential. Such a screened Coulomb

potential leads to a weaker field dependence of the emission

B 10°F rate than a simple Coulomb potential. Another possible po-
6l =62.47ms RhA « 10*F tential form for a charged transition-metal center is a square-
@ é 103k well potential successfully employed to fit the field enhanced
= S 102k emission of the deep ¥i"** donor in InP°
<Zi 4t E “ 40! For a simple Coulomb potential the emission rate at field
% 1000/T (1/K) F is given by
o 2} e(F) 1 1
= DA e’(yv=1)+11+ =
or . . . . F \12
200 250 300 350 with y={— o 80) a/kT, ()

Temperature (K) whereq is the electronic charge;, the permittivity of free

FIG. 4. DDLTS spectra op-InP:Rh at different field strength SPace.s, the relative permittivity of the host crystek, the
(7=62.47 m$. The inset shows Arrhenius plots of Rias generated Boltzmann constant] the temperature, anB the electric
by DDLTS measurements. Activation energies and field strength§ield. Linesa andb in Fig. 5 correspond to fits assuming a
are (from the left to the right Ex=0.71 eV, F=3x10* V/cm;  single and a double charged center, respectizeh gives a
EA=0.67 eV,F=1.9x10° Vicm; E,=0.59 eV,F=1.7x10° V/cm; reasonable fit of the high-field data but underestimates the
E,=0.57 eV,F=2x10° V/cm; E,=0.49 eV,F=2.4x10° V/cm; emission rate at lower fields. As mentioned above, a screened
Ex=0.40 eV,F=2.9x10° V/cm; Eo=0.35 eV,F=3.2x10° V/cm.  Coulomb potentidf results in an even lower rise of the
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FIG. 6. DDLTS spectra of R for different field strengths. The FIG. 7. Emission rates of Rh(squarepand fits forq= 2e with
inset shows the Arrhenius plots as generated by DDLTS measuré& Coulombic potentialg) and with an additional phonon assisted
ments. Activation energies and field strengths foBRite (straight ~ tunneling processhy).
lines from the left to the right Ex=0.62 eV, F=4x10* V/cm;
Ea=0.45 eV,F=1.4x10° V/cm; E,=0.39 eV,F=1.7x10° V/cm;  potential combined with a phonon-assisted tunneling process
EA=0.32 eV,F=2x10 V/cm. For reference the low-field and a gives a reasonable fit of the dafaig. 7). From this fit it is
high-field (F=2x 10> V/cm) Arrhenius plots of RA are also plot-  found that the unoccupied Bhtrap belongs to a charged
ted (dotted lineg. center as RA. For RIB, however, an additional strong-

honon coupling has to be taken into account. Our data of

emission rate with increasing electric field strength andrng are very limited, making it difficult to determine the
therefore seems not to be suited to fit the emission charagero-field activation energy. It should be slightly larger than

teristic of RKA. _ _ . ~ the low-field activation energy d,+0.62 eV. Thus RB is
Vincent, Chantre, and Bois describe a one-dimensionalound to be also a midgap trap in InP.

Coulomb potential combined with a one-dimensional
phonon-assisted tunneling procé3ds in the case without
phonon-assisted processes, a good fit can be achieved for
higher field strengths by assuming a double charged center In DLTS measurements the value of the carrier capture
(line c in Fig. 5. However, our low-field data again cannot cross sectionr,, is usually determined from the intersection
be fitted with such a potential. Therefore a Coulomb potenof the Arrhenius plot at I/=0. This value foro,, usually

tial even in combination with a phonon-assisted tunnelingdiffers much from the experimentally observed valuerdit
process is not suited to fit our data. Batetral’® success- lower temperatures. In addition the emission rate is also a
fully employed a three-dimensional square-well potefftial function of temperature. A correction of the apparent activa-
to fit the field effect data obtained for the deep™t* donor ~ tion energy is necessary if such a temperature-dependent

C. Hole capture

level in InP capture cross section is observed. Knowing the electron and
hole capture cross sections of a deep level, it is possible to
ep(F) _ i (e’—1)+ E ) determine whether a deep level behaves as a carrier trap or a
ep(0) 2y 2’ recombination center.

. ' o , The hole capture cross section of Rban be determined
leading to a field-dependent emission rate witaqFr/kT, r directly by using the DLTS data shown in Fig. 8. These

being the radius of the well. Assuming a single charged cen-
ter we can obtain a good fit of our data with Eg) using a
square-well potential radius of 7.5 nm. From fit, the zero- 25 - - - .
field position of the RA trap can be determined to 0.71 RhB
+0.01 eV above the valence band.

RhB shows a strong field influence as wéfig. 6), being
even stronger than in the case of theARhap. The variation
of the activation energy betweds, +(0.62+-0.02) eV and
Ey+(0.32+0.02 eV for field strength range from 4:410*
to 2.0x10° V/cm, respectivelyinset of Fig. §. 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 Bhwe had to extrapolate the 1=16.5ms , ,
data of the low-field Arrhenius plot to lower temperatures 200 250 300
due to the large shift of the emission rate with increasing Temperature (K)
electric field.

The very strong rise of the emission rate of RRlwith FIG. 8. DLTS spectra of R for increasing filling pulse lengths
increasing field cannot be described by a Coulomb or squaresdter subtraction of transients obtained by a shorter filling pulse
well potential. Only assuming a doubly charged Coulombwhere RI is just saturated.

tp in ms 4

- - N
o (&) o
T L

DLTS-Signal (fF)
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10° (circles in Fig. 10 still contain exponential parts caused by
or, RhA and RIB and from the RA Debye tail. The influence of
., g the hole capture of R and the Debye tail of RA is repre-
N 0.5F " sented by the dashed line in the corrected data of Fig. 10.
107 \. Subtracting these data the exponential capture data fér Rh
w f 0.0 =t 10 remain(triangles in Fig. 10 The hole capture cross section
o | of RhA is found to beo,=(1.7+1.5x10 8 cn? indepen-
(,')010-2:_ dent of temperature in the range from 255 to 312 K. The

) large error is caused by the various corrections we made.
t.=1.57ms \ Thus the emission rate is also not influenced by temperature
8

and the activation energy of these levels does not have to be
10 corrected.

t (ms) Both Rh-induced deep levels Rhand RHB are only ob-
served in hole emission and only prtype 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.

FIG. 9. Capture data for Fhat 281 K. The inset shows the plot
for the Debye-tail correctiostraight line.

DLTS data are generated from transients for filling pulses of IV. DISCUSSION
different lengths from which transients for a shorter pulse
where RI is saturated were subtracted. The data show an Two Rh-induced deep levels Rhand RIB are observed
exponentia| capture behavior for Bhtaking into account a in InP. The electrically active concentration of these deep
Debye-tail correction as described in the work of Baberl€vels increases nearly linearly with the absolute Rh content
et al? (Fig. 9). It is found that the hole capture cross sectionOf the layers. In DXD measurements, an increase of the
of RhB is temperature independent in the range from 250 td-WWHM of the InR004) reflex is observed for Rh doping
281 K and yieldso,=(1.0=1.0)x10 2 cn?. levels larger than £10™ cm3. At such doping levels the
Looking at the hole capture of Rh this process seems to Crystal structure starts to get significantly deteriorated. This
be nonexponentigsquares in Fig. 10 Carrier capture in the deterioration is possibly due to the strong reactivity of Rh
free-carrier Debye t&t is thought to cause this dependence.With phosphorous, which leads to the formation of,
Using a Debye-ta” correction for |ong f||||ng pu|sésset of precipitates. Due to such reactions, eIectricaIIy active Rh
Fig. 10 it is, however, not possible to fully correct the cap- concentration might be strongly reduced already at lower
ture data(circles in Fig. 10. Thus the capture cannot be total concentrations. In DLTS measurements, the deteriora-
described by a single level. As mentioned before, the seconidon of the crystalline quality results in additional DLTS
DLTS peak RIB, which has an approximately two orders of Peaks. These peaks make an exact determination of the Rh-
magnitude lower capture cross section thammppears for related deep-level concentration at Rh doping levels above
long filling pulses at the low temperature side of theARh 1x10" cm™* impossible.
peak. Taking this into account, the Debye-tail correction for RhA and RIB show a strong field effect that can be used
long filling pulses is a correction mainly of the BDebye  to identify these traps. For Rhthe fit with a square-well
tail because the influence of the RIDebye tail for very long ~ Potential suggests that Rhis due to an acceptor like transi-

pulses is negligibly small. Therefore the resulting datation as RA™* or RM™/2". To clearly identify RIA, we
compare our data with two theoretical predictions. First of

all, the energy position of addtransition metal is expected to

1Ok T=273K be above that of its isovalenti3lement* The isovalent 8
05 q\"\ transition metal to Rh is Co. The €3 acceptor in InP is
. 00\‘-..“ situated atE,+0.32 eV well below the Rh levefé. The
. 109102102107 10° 10 Co'*?* transition, which is expected to be positioned above
i . the CG*3* acceptor, is not observed in InP. ThereforeARh
e with E,=E,+(0.710.01) eV cannot be the RA’?" tran-
g sition. Taking into account the prediction of Makiuatial *
and our field effect data Rhis possibly the RA"3* deep
1.=1.1us acceptor in InRFig. 11).
Secondly, we compare the energy position of the Rh-
0.02 0.0 0,06 0.08 induced deep levels Rhin InP and Rh1 in 1gsdGay 4AS,
tp (ms) which is observed by DLTS in electron emission in both LPE

grown® and MOCVD grown Ig sGa, ,As:Rh. Based on
FIG. 10. Capture data of Rhas obtained by spectra as in Fig. the high electrical active concentration of Rh1 in MOCVD
1 (squares The inset shows the Debye-tail correction of the datadfoWn Iy s4Ga 47AS, a precise determination of the activa-

corresponding to a correction of the influence of th@RIebye tail  tion energy could be made &%, —(0.41+0.03 eV at 300 K.
resulting in the data given as circles. Subtracting the remainingrom the internal reference rdfeit is expected that the en-
influence of the level RB and the RIA Debye tail given by the ergy position of a transition-metal-induced defé¢isere Rh
dotted line results in the capture data of/Rltriangle3. Carrier ~ On cation sit¢ is independent of the host compound and at a
concentration of the sample l,=4x10"° cm 3. fixed energy as compared to an internal energy level. The
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Arrhenius plot at IT =0 (Table |). For the capture of a hole

CB ,(T.zzev by a charged center, corresponding to the transition &f Rh
to RK*", a large capture cross section can be expected similar
2041eV to that for electron capture of the *f** deep donor in
ey el WL Inp19:23 However, at temperatures around)3 a hole cap-
071ev ture cross section as low as 17108 cn? has been deter-
e | 0.62eV C o mined for the RA™** deep-level RA. Not observing any
0.37eV, 0326\, electron emission signal in-type InP the electron capture
cross section of the midgap level Rimust be well below
In, ,Ga, ,AS this value of 1.% 10 8 cn?. We compared the values of the
E,=0.75eV Eg-1.34eV capture cross sections to those ofl 3ransition-metal-

induced midgap traps in InFFe™2*, Ti¥*/4%) at similar

_ _ temperaturegTable )). For Fe the values for the electron and
FIG. 11. Band diagram of lx4Ga 4As and InP with the Rh- 516 capture cross sections at 300 K are1®~ Y7 and

related levels observed in both materials and the Co acceptor Ievg{l>< 10~ 18 o respectlvel)?.“ For Ti a larger difference in the

in InP (Ref. 14. capture cross sections is observed. The electron and hole
capture cross sections are determined to bex 6061 cn?
validity of the internal reference rule has been proven fbr 3 (Refs. 19 and 2Band 2.7<10 %2 cn?? (Ref. 23 at 300 K. In
transition metals in 11V and 11-VI compound?. For the the case of Fe, a capture barrier causes a lowering of the
Rh-correlated levels Rhl in §BdGa 47/As and RIA in InP capture cross sections by several orders of magnitude com-
the internal reference riffeis perfectly fulfilled (Fig. 11).  pared to the values af.,,.>* In the case of Ti, only a capture
Thus, R and Rh1 are attributed to the B* acceptor  barrier for hole capture is knowfi.Possibly, the low value in
levels in InP and IpsdGay 4AS, respectively. the hole capture cross section of /&Rbomparable to the hole
For the second level, B the fit of the field effect data capture cross section of Fe is due to a barrier for carrier
with a combination of a Coulomb potential with a phonon- capture. For RA such a barrier was not observed in capture
assisted tunneling process suggests that this level is also dueeasurements at temperatures around 300 K. This might be
to an acceptorlike transition. The observed strong interactiodue to a shift of the onset of the rise of the capture cross
with the lattice suggests that BRhis possibly a doubly section to higher temperatures caused by a relatively high
charged acceptorlike Rh-related complex. capture barrier. The level Bhis found to be possibly a
The fit of the field dependence of the thermal hole emisdouble charged center situated closer to the valence band
sion of RIA yields a radius of a square-well potential of 7.5 than RW\. Therefore a larger capture cross section than for
nm. From this value the hole capture cross sectiatan be  RhA can be expected. Instead we observe unexpectedly a
calculated® to be 1.8<10™ 2 cn?. This value forois in good  hole capture cross section for Rhwhich has a four order of
agreement witho,, obtained from the intersection of the magnitude lower value. This low value might be due to the

TABLE |. Electrical characteristics of the Rh-related deep levels in InP. Additionally listed are the
properties of the Fe’3" (Refs. 24, 25, Ti®™/*" (Refs. 19, 23 and C3™*" (Ref. 14 deep levels in InP. The
activation energy of the B&3* transition at 300 K is calculated from the value given in Ref. 25 at 1.7 K.

Activation Poole-Frenkel
Energy effect [ o(T)
Level (eV) best fit with (cr?) (cnf)
RhA E,+0.71+0.01 Square-well Arrhenius plot: op=1.7+1X 10718
potential of 0p,=1.3x10 12 (255-312 K
7.5 nm From the square-
well potential size:
0,,=1.8x10 12
RhB =E,+0.62 Coulomb potential ~ Arrhenius plot: 0p=1.0x1x10" %
Ey+0.62£0.02 at  combined with 0p,=7.6x10° 1 (250-281 K
F=4.4x10* V/icm  phonon-assisted
tunneling
F&R*  Ey+0.74 b, =2.5x1071° 0,=4x10""# (300 K)
—6 5x10716 EB=166 meV
=2x10"17 (300 K)
EB 89 meV
TiStA+ Ec—0.59+0.02 Square-well From the square-  ¢,=(2.8-29x10 %
potential of well potential size:  (100—-300 K
4.6 nm 0, =6.6x10 13 Eg=30 meV
0,~6X10712 (300 K)
Co™3  Ey+0.32 eV
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influence of the strong coupling of Brto the lattice causing 300 K, respectively. We attribute the level Rhto the
a high capture barrier. Rh**2* acceptor level caused by isolated substitutional Rh
on In sites. This level satisfies the internal reference’fiite
V. SUMMARY compared to a Rh-related leve(Rhl) observed in
_ N Ing 54G& 4AS. Analysis of the field-effect data of Bhsug-
We successfully doped InP with thed4ransition metal  gests that this level is due to a Rh-correlated doubly charged
Rh by LP-MOCVD growth. Inp-InP:Rh two Rh-related zcceptorlike complex. Introducing two midgap acceptor lev-
deep acceptor levels Rhand RIB have been observed by g5, with total electrically active concentration around

DLTS (Table ). Both levels show a strong field effect with 4% 1015 cm™3, Rh is an interesting candidate for fabricating
activation energies dE 5= E, +(0.71+0.01 eV at zero field thermally stable semiinsulating InP.

for RhA andE,=E,+(0.62+0.02 eV atF=4.4x10" V/icm

for RhB. The field-enhanced emission data ofARban be

explained by a Poole-Frenkel effect employing a three- ACKNOWLEDGMENTS
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