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We have studied by deep-level transient spectroscopy and deep-level optical spectroscopy n-type 
chromium-doped InP. We definitively confirm that the Cr2+ IC~+ acceptor state is positioned at 
Ec - 0.4 eV in InP. We have measured for the first time the absolute values of the 
photoionization cross sections of cr2+ in InP by deep-level optical spectroscopy. The ~ cross 
section exhibits both a resonant and a nonresonant character. The former corresponds to the 
internal transition 5T2_

5 E of Cr2 + , while the latter is attributed to the photoexcitation from the 
cr2+ to the conduction band. The threshold of this transition at Ec - 0.41 eV indicates a very 
small Franck-Condon shift. The scales of the absolute photoionization values (~) and 
photoneutralization (~) cross sections towards the conduction and valence bands are the same, 
which seems to indicate no selection rules. 

f. INTROOUCT~ON 

The introduction of transition-metal ions as dopants 
into III-V compounds produces electronic properties which 
are of great interest from a theoretical point of view and 
useful from a practical one: the manufacturing of semi-insu
lating (s.i.) substrates of good quality used in planar tech
nology in the fields of fast electronic and optoelectronic de
vices. The role of chromium in InP has been recently 
investigated by numerous techniques 1-6 in order to explain 
the compensation mechanism. Chromium doping produces 
semi-insulating material with resistivities of only about 10" 
.n cm (by comparison, InP:Fe s.i. has a resistivity of 108 

Ocm). 
lseler' located by Hall and resistivity measurements a 

level associated with chromium at Ec - 0.39 eV in s.i. InP, 
assigning this level to the Crin+ 13 + acceptor one. This result 
was confinned by the photoconductivity measurements of 
Pung and Nicholas3: They located the cr2+ /3+ acceptor lev
el at Ec - 0.4 eV (Ec - 0.47 eV) at 300 K (4 K). On the 
other hand, the photoconductivity threshold found by Eaves 
et al.2 1eads to a very different conclusion. 

In photoluminescence measurements, Koschel, Bis
chop, and McCombe4 observed a band peaking at 0.85 eV 
that they attributed to the internal transition 5E_5 T2 of the 
Crfn+ . The same interpretation has been given by Barrau et 
al., 5 who observed a zero-phonon structure at 0.886 e V asso
ciated with the 0.85-e V band. These results should locate the 
S E excited state below the conduction-band minimum, and 
thus the chromium level1ies around Ec - 0.9 eV, in agree
ment with Eaves et al. results2 but in contradiction with the 
!seIer' and Fung and Nicholas3 results. Our first results6 

using deep-level transient spectroscopy and deep-level opti
cal spectroscopy techniques (DLTS-DLOS) were well in
terpreted by the chromium acceptor level at 0.4 e V below the 
conduction band, which was labeled IE3. 

The aim of this paper is first to confirm definitively the 
position of the chromium acceptor level in InP and second to 
give absolute information on the spectrum of the photoioni
zation cross sections ~ and ~ of IE3. The possibility of 
determining the absolute values of ~ and ~ is very impor
tant from a theoretical point of view. Indeed the photoioni
zation cross sections can provide useful information, such as 
ionization energy of the level, coupling with the bands, and 
therefore some indications of the symmetry of defect wave 
functions. 

In Sec. II, we give a description of the experimental 
technique used. The experimental results and discussion 
concerning InP:Cr are given in Sees. HI and IV. 

If. EXPERfMENTAl PROCEDURE 

Samples come from a polycrystalline ingot, prepared by 
the conventional gradient freeze technique in a pyrolite b0-
ron nitride (PBN) crucible. 7 The chromium concentration 
in the melt was 0.1 % by weight, which is sufficient to reach 
the chromium solubility limit (2X 1016 cm- 3

) in the hot 
zone of the ingot. The studied samples come from the zone 
labeled c as defined in Ref. 7. Spark-source mass spectrosco
py reveals silicon and chromium as the main impurities. The 
samples are n type (p-35 n cm at room temperature). A 
doping profile measurement gives Nd - No ~6 X 10'4 em- 3 

at 300 K. The experimental results reported below for 
Cr2 + 13+ in InP have been obtained using gold Schottky bar
riers of area 0.8 mm2 on n-type InF.'. Before gold vaporiza
tion, first, the ohmic contacts are provided by small dots of 
Sn on the sides of the samples at 300·C under hydrogen flow, 
and second, the surface is prepared by a standard cleaning 
and etching procedure followed by natural oxidation in dry 
atmosphere to increase the apparent Schottky barrier and 
thus to lower the leakage current of the diode under reverse 
bias conditions.8 The examined sample is mounted in a liq-
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uid-N2 cryostat or liquid-He cryostat, the window of this 
being made of CaF2 and analyzed by DLTS and DLOS tech
niques. 

DL 1'8 measurements permit one to determine the ap
parent activation energy !:1E" and the thermal capture cross 
section from the relation 

en.~ = 3.25 X lQ25gn.pu 00 (m~.p )exp( _ !:1E,,) , 
T mo kT 

(1) 

where e,..p is the coefficient for thermal emission of carriers 
(electron or hole) from the trapping center, g ".p the degener
acy factor, and m!p the electron (hole) effective mass at the 
minimum conduction (valence) band. The plot of 
10g(e,..p/T 2

) as a function of liTis usually called the "sig
nature" of the level. 

For the DLOS experiment, the temperature of the sam
ple is fixed so the thermal emission of carriers is neglected. 
The main feature of the DLOS technique is to use the fact 
that the derivative at time t = 0 of the photocapacitance 
transient, expressing the level occupancy in a reverse-biased 
junction capacitance, is directly related to d,! (hv) or ~ (hv) 
if initial conditions-all traps filled or empty-are fixed. 
These initial conditions are determined by various modes of 
operations--electrical, thermal or optical excitation
which depend on the trap characteristics and material type.9 
For one electron trap of concentration NT in an n·type mate
rial, the variation of charge due to the level at time t = 0 after 
a direct bias pulse to fill all the traps is 

- = ~ (hv)NTt/J(hv). dn I 
dt 1=0 

(2) 

t/J(hv) is the photon flux at energy hv per surface unity in the 
depletion layer. This charge variation leads to a variation of 
the capacitance value C of the Schottky given by 

~ dC __ 1_ dn(I_~)2 (3) 
C dt - 2n. dt W' 

with ne the density of charge carriers, W the depletion zone 
width at reverse bias, and A the zone width where the trap 
level is below the Fermi level. 

From Eqs. (2) and (3) we have 

dCI = CNT(:t_i.)2~(hv)¢(hv). 
dt 1_0 In. w: 

(4) 

With the same capacitance measurement conditions, the 
DL 1'8 peak of amplitude A.C corresponding to the level gives 

A.C = N T (1_i.)2. 
C 2n, W 

(5) 

From Eqs. (4) and (5) we have 

dC I = AC~ (hv)¢(hv). 
dt 1-0 

(6) 

The DLOS signal is 

S(hv) = _1_ dC I . 
t/J(hv) dt 1=0 

(7) 

From (6) and (7) we have 

cf!. (hv) = S(hv) . 
,. A.C (8) 
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FIG. I. Photoionization cross section d.! (hv) of the IE3 level obtained by 
electrical DLOS at T = 89 K .•• experimental points; -, fit of the nonreson
ant part of the photoionization cross section (see text). 

To obtain the absolute value of dl(hv), it is necessary to 
know the photon flux ¢ (hv) acting in the junction for the 
whole energy range [Eqs. (7) and (8)]. The DLOS appara
tus has been already described.9 We use different monochro
mators for exciting light: a Perkin-Elmer 112B with a KBr 
of LiF prism, or a Bausch and Lomb high-intensity mono
chromator with 675-line/mm grating, blazed at 1 p.m or 
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FIG. 2. Photoionization cross section o:!(hv) of the IE31evel obtained by 
thermal DLOS at T= 157 K. 
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337. 5-line/mm grating blazed at 2 }.Lm. The exciting sources 
that cover the entire energy range between 0.15 and 1.5 eV 
are Globar and tungsten light sources. The different cycles 
(electrical excitation, change of photon wavelength, tem
perature regulation, data acquisition and processing) are 
made by an on-line computer. The measure of the absolute 
value of the photon flux energy t/J (hv) hv is performed by a 
sensitive pyroelectric detector Optilas KT311O, localized at 
the same position as the sample. Corrections are brought 
about following the experimental conditions. If the illumina
tion is done on the side of the vaporized gold layer, the trans
mission was measured for this layer (semitransparent in this 
case) and taken into account for the exact value of t/J(hv). If 
the illumination is done on the back side of the Schottky 
barrier, we use gold, mirrorlike, thick layers. The absolute 
measurements of O'~ and ~ of the Cr2+ /3 + level in InP:Cr 
have been made over the entire gap energy range. 

III. EXPERIMENTAL RESULTS ON InP:Cr 

Two samples are intensively examined and give the 
same results. We observe in the samples only one main deep 
electron level (Il.Ea = 0.40 eV, 0'= = 5 X 10- 15 cm2

), 

Binding energy En 

0.4 eV 

10 

4 

2 

0.475 eV 

dFC Pr 

75 meV 1 

..... 
• • • 
• • 

which has exactly the same thermal signature as the trap we 
have called IE3. In Ref. 6, we tentatively attributed this de
fect to the chromium acceptor level Cr + 13 + mainly because 
it was observed in n-type vapor-phase epitaxy (VPE) layers 
grown on s.i. substrates doped with Cr and it is well known 
that Cr can out-diffuse from the substrate to the epilayer. In 
the determination of the IE3 parameters, the following val
ues are used: g" = 1, m: fmo = 0.078. The determined con
centration of electrically active chromium is 3 X 1014 cm -3. 

The absolute optical cross sections cf,! (hv) and ~ (hv) 

are given in Figs. 1 and 2. For cr,:, we can observe an experi
mental onset at about 0.41 eV and a broad peak centered at 
0.8 eV. This peak cannot be explained by the theory of the 
optical cross section for the transition between a deep level 
and the conduction band. We give in Fig. 1, for illustration, 
the best fit given by the phenomenological model we used to 
analyze the optical cross sections of the deep levels in III -V 
compounds.9 This analysis has been made in details for the 
deep Cr level in GaAs.1O 

The fit of Fig. 1 corresponds to the following values of 
the model parameters: 

Px 
0.064 0.5 A 

FIG. 3. Pbotoionization cross sections 
~ (hv) of the IE3 level at different tem
peratures. 1. T= 9 K; 2. T= 33 K; 3. 
T = 63 K; 4. T = 80 K; S, T = 99 K; 6, 
T= 120K;7. T= 136K. 

0.4 0.6 0.8 1 
Energy(eV) 
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Here E ~ is the optical ionization energy, dFC is the Franck
Condon energy (E~ = En + dFC )' P r , PL , and Px are 
weighting factors adjusted in order to fit the transitions 
towards the r, L, and X bands, respectively, and a - I gives 
information on the wave-function extension of the bound 
electron. In the mathematical formulation, 9 we consider the 
electronic transitions allowed and the deep trap potential as 
a Dirac one. 

Figure 3 shows u:: at different temperatures. The half
width of the 0.8-eV band can be classically analyzed, consid
ering this one as Gaussian. II The shape of the band is then 
given by 

(9) 

where B is the normalization parameter, Eo is the energy of 
the maximum, and 

( 
fitu )112 

0'= 0'0 coth -- , 
2kT 

0'0 = S 1/21itu. 

We use generally the value of the half-width; 

Wen = 2O'(21n 2)1/2. 

( 10) 

(11) 

(12) 

In these expressions. the symbols have their usual meaning, 
Sbeing the Huang-Rhys factor and fUu the effective phonon 
energy which is coupled to the level. In the fundamental 
state, the Franck-Condon shift is given by 

-> 

~ 60 -
.J::. -'0 50 
~ -
~ 40 

30 

2 4 6 8 
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dFC =Sfull. 

The results of the best fit (Fig. 4) are 

W(O K) = 79 ± 2 meV. 

full = 15 meV, 

S=5, 

so 

dFC = Sfull = 75 meV. 

IV. DISCUSSION 

A. Evidence of the Cr2+/3+ acceptor level 

Following our DLTS measurements on bulk samples 
InP:Cr and the VPE layer on a Cr-doped substrate. we can 
claim without ambiguity that IE3 is clearly connected with 
the presence of chromium. The photoionization cross sec
tion u:: of IE3 shows a very characteristic resonance at 0.8 
eV~ the bottom of that band being at 0.76 eV. This latter 
transition has been recently observed by Clerjaud et al. 12 in 
optical absorption. The zero-phonon line of that band is lo
cated at 0.756 eV with a fine structure typical of the internal 
transition of Cr+ in III-V compounds. 13 This fact means 
that in our experiment we perform photoionization of Cr2 + 
in its ground state 5T2• As a consequence the threshold at 
0.41 eV gives the energy level ofCr2+ /3+ in agreement with 
other authors. I.3.14.15 The excited state 5E is the conduction 
band. So, as it is shown by the analysis of U::, we can distin
guish for u:: two kinds of transitions, namely the internal and 

10 1 2 1 4 

T 1 /2 (K 1/2 ) 

FIG. 4. Temperature dependence of the 
O.8-eV band half-width W(n. +, ex
perimental points; -, best fit [Eq. (12) 
with W(4K) =79meV,w= 15 meV, 
S=5J. 
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~------------------------------------------------------&-15 InP 
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FIG. 5. Acceptor states (M 2 + / M 3 + ) for the 3d transition metal in GaAs, InP, and GaP related to vacuum. e, GaAs; 0, InP; ., GaP. a indicates data from 
Ref. 20; b from Ref. 21; c from Ref. 22; d, this work. Other data are from Ref. 19. 

the photoionization transitions. The former is written in our 
context 

(13) 

where S and r are labels of the final state. These excitations 
are currently described in the framework of the crystal 
field 16 or molecular schemeY The photoionization transi
tion is written 

sT2 + hv_2S + Ir + e- (in the conduction band). (14) 

The. final state is that of Cr + with an electron going 
away. As usual we have supposed that Cr3 + is its ground 
state 4TI , but Cr+ can be in an excited state in the final state 
of the transition. IS The use of a Dirac potential in the math
ematical formulation9 for the best theoretical fit ofthe pho
toionization transition is in agreement with an acceptor 
state. 

B. trends ~n fevel positions 

It is interesting to compare the thermal ionization ener
gy of the Cr+ charge state (0.4 eV) in InP with the other 
III-V compounds; GaAs and GaP. It is expected that a deep 
level related to a given transition metal is mainly tied to the 
vacuum and independent of the host lattice in HI-V com
pounds. 19 We have reported in Fig. 5 the wdl-established 
ionization energies of the acceptor state related to chromium 

2042 J. Appl. Phys .• Vol. 59. No.6. 15 March 1986 

on an absolute energy scale and the principal band edges. 
The absolute impurity level for Crin+ 13 + is weH linked to the 
vacuum. Moreover, the energy position of the Crin+ 13 + ac
ceptor state level in InP is consistent with the general trend 
of the deep-level positions of transition elements in HI-V 
compounds. 23 

C. Transition liT r+IIE 

The band at 0.8 eV corresponds to the internal transi
tion s T2_

5 E of Cr2 +; it is interesting to make a comparison 
with the same transition in GaAs (see Table I). Ifwe neglect 
the electron phonon coupling in the excited state :s E, we can 
interpret the Franck-Condon shift as a result of the Jahn
Tener coupling in the ground state 5T2 • So, the two systems 
exhibit the same Jahn-Tener energy ( - 70 me V). 

Moreover, the effective mode energies clearly depend on 
the methods that have been used by different authors. Some 
of them use the separation SfIw between the zero-phonon 
line and the maximum of the band together with the ratio 
e - S between the area of the zero-phonon line and the area of 
the full band. Other authors, as we did, extract the effective 
mode energy from the dependence of the width on tempera
ture. 

We believe that the discrepancy between the two meth
ods does not come from some error inherent to experiment 

Bremond et a/. 2042 
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TABLE I. Comparison of some characteristics of the internal transition 
sT2-+

sE for Cr+ in GaAs and Cr+ in InP. 

Transition We .. S SW ... References 
(meV) (meV) 

Cr+ inGaAs 0.820 15 5 75 10 

Cr+ inGaAs 0.820 9 8.5 75 18 

Cr+ inInP 0.756 15 5 75 Present 
work 

Cr'" inlnP 0.756 -8.7 7 -60 12 

but rather is due to the oversimplified models. As usual we 
have supposed that the coupling to one effective mode 
works. In fact, the center is coupled to many modes. So a 
possible explanation seems to be the breakdown of the ap
proximation of single-mode coupling. 

D. Comparison between <fn anci ~ optical cross 
sections 

In the widely employed crystal-field picture, 16 the opti
cal transitions from a 3d trap state to the s-like conduction 
band are assumed to be parity-forbidden, whereas transi
tions from the p-like valence band to the trap are allowed. If 
we look to the nonresonant part of the photoionization cross 
section if.: (Fig. 1) we note that (i) the absolute values of the 
transition towards the conduction band (d.:) and towards 
the valence band (~) are both of the order of 10- 16 cm2, 
and (ii) for the best fit of the nonresonant part of if.: , we 
consider the electronic transitions allowed in the mathemat
ical formulation. 

Very recent experimental data on Cr in ZnS (Ref. 24) 
show the optical cross sections d.: and a~ to be both of the 
order of 10- 17 cm2

• So, as a consequence no selection rules 
seem to work. Recent theoretical calculations of VogJ and 
Baranowskj2-5 show that the ratio if.:/~ is 1.23 for Cr in 
CdSe, in quantitative agreement with the data for ZnS:Cr 
and our results for InP:Cr. This result reflects the extended 
hostlike character of the trap wave function which strongly 
couples to both s- and p-type Bloch states and does not favor 
the model of a weak crystal field scheme. 

In the case of Cr2+, t2 orbitals of the fundamental state 
(5T2 ) are partly hybridized with ligand orbitals,25 and tran
sitions to the two bands have the same order of magnitude in 
contrast to what is observed for the vanadium donor level in 
InP (V3 + /4 + ),26 where the fundamentat state has e orbitals. 

V. CONCLUSION 

With our DLOS technique, we have experimentally 
shown the correlation between the onset at 0.41 e V and the 
internal transition 5 Tr ..... sE ofcr2+. This last fact allows us 
to locate the Cr2+ IC~+ level 0.4 eV below the conduction 
band. 

2043 J. Appl. Phys .• Vol. 59. No.6. 15 March 1986 

We have measured the absolute cross sections of pho
toionization of Cr+. We find similar values for both transi
tions to the conduction band and to the valence band. This 
result cannot be explained by a simple model of a parity
allowed C~+ -Cr2+ process (fromp-type valence band to 
the d shell of Cr) and a parity-forbidden Cr2+ -C~+ pro
cess (from the d shell of Cr to the s-Uke conduction band). 
This effect can be ascribed to a strong hybridization of the 
impurity 3d function with host wave functions. 
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