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Spectroscopic and photorefractive characterization of cadmium telluride crystals codoped
with vanadium and manganese
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Electron paramagnetic resonance spectroscopy, secondary-ion mass spectrometry, and moving space charge
field techniques were used to characterize semi-insulating cadmium telluride crystals codoped with vanadium
and manganese. Photorefractive two-wave-mixing gains were observed for CdTe:Mn,V that were a factor of
~2 larger than that measured for singly doped CdTe:V. Secondary-ion mass spectrometry and electron para-
magnetic resonance spectroscopy were used to establish the chemical identities, concentration levels, and
charge states of the dopants that govern the photorefractive response in this semiconductor material. In
CdTe:V,Mn only the MA"™ EPR was observed; this result, combined with the photorefractive data, provides
information regarding the existence of a manganese-related ionization level in the band gap of CdTe.
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Photorefractive materials have applications in manyconcentrations of vanadium and manganese in the melt were
area$ including image processing, holographic storaged  equal to 5<10° cm3. Stoichiometric amounts of high-
optical beam combining.The space charge electric fields purity cadmium and tellurium along with the dopants were
formed inside photorefractive materials modulate the refracvacuum sealed in the graphitized fused silica ampoule. The
tive index of the host materials via the electro-optic effect,total amount of starting materials in the ampoule was 100 g.
which in turn causes the diffraction of incident optical fields They were reacted and melted in a three-zone furnace for 48
and therefore provides the foundation for photorefractive aph. After allowing the melt to homogenize for 24 h, the crys-
plications. In general, semiconductor photorefractive materitals were grown by translating the ampoule at a rate 1.5
als have the advantages of significantly faster response timggm/h. The temperature gradient in the solidification region
and better Sensitivity in both the visible and near—infraredwas 7—-8 °C/cm. After the growth was Comp|ete, the amp0u|e
wavelength regions compared to conventional oxide-baseas cooled to room temperature over 24 h.
m_aterials. _In particular, cadmium telluride cry_st_a_ls doped Secondary-ion mass spectrometry was used to determine
with vanadium were found to have the pest sensitivity amongp o dopant levels of V and Mn incorporated in the CdTe
the known semiconductor photorefractive material§e re- host. SIMS measurements were accomplished using an

port in this paper the observation of significant photorefrac—Atomika 3000-30(lonprobe A-DIDA).>® The positive-ion

tive two-wave-mixing gains in the dlf_fu5|on-f|eld I|rr_1|t n gwass spectra were obtained with an oxygen cold cathode
cadmium telluride samples codoped with both vanadium an . ! )
Source operated at 9 keV, and with a primary ion beam cur-

manganeséCdTe:V,Mn. Moving space charge field effeéts .
were used to characterize the samples and revealed photorrg—nt of 900 nA. Mass spectra were obtained for the

fractive properties in good agreement with those obtaine(?nanganese— and vanadium-doped CdTe samples as well as
from conventional photorefractive two-wave-mixing experi- 10 thé manganese and vanadium precursors. A survey scan
ments. In addition, secondary-ion mass spectrom@yls) ~ On the doped CdTe sample was run from mass 10 to mass
and electron paramagnetic resonarn&R spectroscopy 220. After analyzing these data and_ldentlfymg most of the
were used to probe the chemical identities, concentration lev?€aks above mass 80 as Cd and Te isotopes and their respec-
els, and charge states of the dopants that govern the photiive oxides, we collected all subsequent SIMS data only be-
refractive response in this semiconductor material. A detween 10 and 80 amu. In addition to the expected peaks for
tailed description of the procedures and results are presentdde major constituents, peaks were identified at mass num-
below. bers 50, 51, and 55 for the vanadium isotopes and manga-
The vanadium and manganese codoped CdTe crystatgese, respectively. Oxide peaks for these species were also
were grown by the vertical Bridgman technique. The startingdetected at 66, 67, and 71 amu. The SIMS data qualitatively
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confirmed the presence of vanadium and manganese in

roughly equal concentration in the CdTe sample; full quan- irror z
tification was not possible because of a lack of appropriate | we122 B.S. Do

—

standards. In the SIMS mass spectra for the doped CdTe

sample we also observed a substantial peak at mass 27. Afte Fetorodyne &
eliminating primary ion beam contamination as a source of | P ”

mass 27, this peak was assigned to an aluminum impurity. In

addition to aluminum at mass 27, other impurities detected |LWE120 I[\ 25:_IPhotodetector -

during the SIMS analysis of the CdTe:Mn,V sample included BS. CdTe_

magnesium at mass numbers 24, 25, and 26, sodium at mas @ = o

23, and calcium at mass 40; the count rates for these impu- Mirror M. Mirror

cgﬁ;dvivlfx significantly lower than those of manganese and FIG. 1. Experimental setup. B.S. denotes beam splitter, N.D.

It was demonstrated previously that dc photocurrents Caﬁenotes neutral density filter, PLL denotes phase-locked loop.

be generated from semi-insulating photoconductive semicon- . ]
ductors by optical interference patterns traveling with conA=1.064 um at an adjustable value. The two optical wave
stant speed$.This constant speed optical fringe systemfronts interfered inside the C_dTe:V,Mn crystal ofdlmensmns
causes the movement of the internal space charge electfemMmMX5 mmx5 mm and an interelectrode spacing of 5 mm.
field, which along with the coparticipation of the electrons The conductivity of the sample increased from,+ 7y
and holes in the photoconduction process within the host 7-5X107* (Q cm)™ in the dark to 1.10
material, generates the flow of photocurrent density gived? cm)~* under the typical illumination conditions used in
by’ these experiments, which indicated that the thermal genera-
2 2 2 tion rates are negligible compared to photoexcitation rates of
Mol "Ep @7 [ TnSelo/(Sel o Be) free charge carriers for this particular sample. Figure 2 shows
2€0€; 1+(w7’g)2l 1+Me7ekBTKg2;/e the measured photocurrent versus grating spacing at various
ool o/(Snl ot Br) | 2 relative optical frequency offset values. Curve fitting using
pohT0 T Ph O Ph (1)  the Nelder-Meade algorittthrevealed that the sample was
1+ pupmhksTKg/e predominantlyn-type with negligible hole concentrations.
Here o= w o— s is the relative optical frequency differ- The mobility-lifetsime product for electrons was found to be
ence between the two interfering optical fieldge, is the :“eTe:?)l-M>< 10"° cn?/V, which agrees well with previous
permittivity of the host materiak ,=2kosind is the grating ~'eSults: The grating spacing dependence of the grating for-
wave numberk,=2/\ is the optical wave number in free Mation time was also measured and is illustrated in Fig. 3 in
space, andEp=KgkgT/e is the diffusion field. Furthermore which the solid line is a theoretical curve based on €.
in Eq. (1), the electron(hole) mobility-lifetime product is and the effectale trflgp concentration was determined to be
denoted asuere(n), Optical excitation cross sections as Nef=1.15X 1(_)1 cm*. This value forNe is not unreason-
Sen, thermal generation rates @& j,, and|m|, the modu- able becausé) even thc_)ugh_ the starting concengtratlo_r;s for
lation index, is given by|m0|:2(PsPLO)l/2/(Ps+ PLo), manganese qnd vana(_Jlll_Jm in the melt arBX 101 cm”,
where P, o (P.) is the local oscillator(signa) laser power the sggregauon cogfgluent“for thege trgnsmon mgtals in
density and ,= P_o+ Ps. The electron(hole) conductivity CdTe_|s~(_1—2)>< 10" ° and(ii) the ratio of filled-to-unfilled
is given byo,=euey (op=eunPo), Whereny (po) is the traps is typically on the order of 18. Thus, roughly 1 out of
electron(hole) concentration. The space charge field forma-
tion time is denoted as, and given by

jx(w)=

0.12 I I 1 I I I I I
1 €0€rksTKS Np ]
g 2 _ 0.10 - dTe:V,Mn
e NA(Np—Na) o 8f = 200 kHz
X[ ol ege; N opl €€ } @ :”é? 0.08 |- :gﬁ:ggﬁ
. o 5f = 400 kHz
1+ peteke TKE/e 1+ uphkg TKG/E % 006
It is clear from Eqgs(1) and(2) that the mobility-lifetime é
products of free charge carriers, as well as the hole-to- B 004
electron conductivity ratiquppg/mehg, can be determined 0.02
by measuring the photocurrent density at various grating )
spacings. In addition, the effective trap concentratidg 0 ! 1 I ! 1 L L
=Na(Np—Na)/Np, whereNp is the concentration of the 0 10 20 30 40 50 60 70 80 90
deep-level donors anl, that of the trapping sites, can be GRATING SPACING A (um)
deduced from the grating spacing dependencerpf as FIG. 2. Measured photocurrent outputs vs grating spacings at

given by Eq.(2). The experimental setup used to determinevarious laser carrier frequency offsets. The solid lines are fitting
the photocurrent versus grating spacing characteristic curvesirves based on the material parameterg 7.=1.64

of the CdTe:V,Mn sample is shown in Fig. 1. The hetero-x10"% cn?/V and wppo/meno=2.2X 10" 7 signifying the absence
dyne phase-locked loop was used to frequency offset the twof holes in this particular CdTe:Mn,V sample. The optical power
independent lasers that operated at the wavelength dévels wereP o=47.38 mWi/cm and Ps=0.58 mW/cn3.
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FIG. 3. Grating formation times vs the grating spacings. The
solid curve is a theoretical curve based on the material characteris- F|G. 5. X-band EPR spectrda) CdTe:V recorded a5 K with
tics p1e7e=1.64x10"° cm?/V and unPo/meno=2.2X10"". The  the magnetic fieldB, parallel to the[001] direction, »=9.26036
optical power levels were P ,=23.05 mW/cmd and Ps  GHz; and(b) CdTe:Mn,V recorded at 4.4 K with the magnetic field
=0.16 mw/cni. B, parallel to the[111] direction, »=9.26146 GHz.

100-1000 dopant ions incorporated in the crystal are availcdT€:Mn,V. The EPR measurements were performed using
able to generate or trap photocarriers. a Varian E-109 homodyn&-band spectrometer equipped

As a consistency check, we also measured the photor vith a Bruker model B-H15 digital magnetic-field controller.
fractive two-wave-mixing gain at various grating spacings in" °" {neggtg%ment?_ at IOV\Gltemﬁelr_atures, ar: ?xfortd Instru-
the absence of any externally applied electric fields. The reMents -2 continuous-flow helium cryostat system was
sults are shown in Fig. 4 and, with the values:qfr, and used. Our previous work, as well as that of others, on singly
1nPo/ 12aNo determined earlier, the effective trap concentra-doPed CdTe:V has shown that vanadium exists in two dif-
o el . ferent ch tates 3V(3d?,3A,) (Refs. 9 and 1p and
tion was found to béNgz=2.96< 10 cm 3, in good agree- SicMt charge stales (3d% °A;) (Refs. 9 and 1pan

2+ 3 4 . .
ment with the value obtained from the moving space chargé/t t(3'd ,Cg%') (gﬁf' 1])’. tths f”f“":ﬁ aEg%norI|ket defecft
field measurements. A comparison between the CdTe:V,M g_l_e _'\r} ed dt;)SWIQ n hlgh(é IS the | f lcSBpeC rur|r|1 IO
crystal investigated in this paper and a photorefractive €.V recorde with the magnetic field, paralle

CdTe:V crystal studied earliérevealed that, under similar g? the[QOl]tdlrectlon. The gctett oftrlllnesl, V\;h'Ch IS tlhe v?na-
experimental conditions, the photorefractive two-wave-2'UM Signature corresponding 1o the electron-nuciear hyper-

o - . fine interaction involving theVv (1=7/2, 99.75% natural
mixing gain of the doubly doped CdTe:V,Mn sample was . . ' 911 .
almosttwice that of the singly doped CdTe:V sample, even abundancenuclide, has been assigned t3"~** Superim-

l . . g
though its optical absorption coefficient was only 45% that?0S€d On eacR'V hyperfine component is additional struc-
of the CdTe:V crystal. This enhancement of photorefractiveture' This well-resolved structure is produced by hyperfine
interaction with nearby Cd nuclefi*'’Cd (12.75% and

two-wave-mixing gain can be attributed to the absence olﬂ : 910

electron-hole competition effects in the CdTe:V,Mn crystal, %Cd (12.26%; both | =1/2].% )

which is consistent with the EPR results described below. !N contrast, the EPR of the doubly doped CdTe:Mn,V is
Electron paramagnetic resonance spectroscopy was us@yite different, as shown in Fig.(§. This spectrum is the

o oS e
to determine the charge states of manganese and vanadiumGRaracteristic - six-line  spectrum  of N (**Mn, |
=5/2, 100% natural abundancewith g=2.00597 and

5Mn hyperfine constanidy,,=0.0057 cm?! which agree
T T l T T . well with previously reported valuéd.The lines are quite
broad, most likely due to the high concentration of paramag-
netic ions, and hence no resolved hyperfine structure with the
Cd nuclei was observed. It is also important to note that in
CdTe:Mn,Vno EPR spectral feature that could be assigned
to either \A* or V2* were observedThis observation is
very important since, given that the concentration of Mn and
V are comparable in CdTe:Mn,V, one infers that the Fermi
level (E;) is located above the A7/V3") ionization level.
This is illustrated in Fig. 6, which shows the positions of
E and the (MAT/M?%) and (V?*/V3*) ionization levels in
1 L 1 L ! L the band gap of CdTe. Here the locatiBpis only approxi-
20 35 30 35 40 45 50 mate; whereas for the vanadium-related level experimental
GRATING SPACING A (um) results place it aE(V?*/V3")=E,g+0.94 eV and a re-
FIG. 4. Degenerate two-wave-mixing gain vs the grating spaccent calculation locates a manganese-related level at
ing. The incident optical power levels weR o=91.9 mW/cm E(Mn*/Mn?")=E,g+ 1.4 eV13 This latter result is inter-
andPg=2.4 mWicnt. esting since there is some controversy regarding the exis-
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CB will be Mn?" and \2*. The optical properties of these ions,
7/ 2 especially for MA",Y7 are different from that of ¥ 819
Mn'*  (Mnl%/ Mn2%) ‘ f which is the dominant species in singly doped CdTe:V when
v+ the Fermi level lies below the 37/V3") ionization level.
S ! Therefore, the differences in the intrinsic optical properties
E.~1.60 eV (V247 v3+ 1 of the various ions may account for the reduction in the
Mn2+ 34 optical absorption observed in CdTe:Mn,V relative to
v CdTe:V. As a final note, evidence has been provided from
recent photoluminescence  measurements for the
7 Zi Vv1*(3d* °T,) charge state in high-resistivity CdTe%.
VB This implies the existence of a second vanadium-related ion-

. . . + 2+ . . .
FIG. 6. Schematic energy-level diagram depicting the positionéz",Jltlon level, i.e., (\} v )', It is anticipated, howeve_r, that
of the ionization levels for vanadium and manganese codoped iﬁh_'s charge-transfer level W'I,I b.e an:ceptqrievel, consistent .
CdTe. The broken line indicates the approximate position of théVith the observation of a similar vanadium-related level in

/21
Fermi levelE; as deduced from the EPR data. ZnTe:V: _ o
In conclusion, we have demonstrated that significant pho-

tence of an ionization level in the band gap of CdTe associtorefractive two-wave-mixing gain can be achieved by dop-
ated with Mn!*~6 As indicated above, our photorefractive ing cadmium telluride crystals with both vanadium and man-
measurements on doubly doped CdTe:Mn,V show an erganese. Moving space charge field techniques were used to
hanced photorefractive two-wave mixing gain over that meacharacterize the photorefractive properties of the sample.
sured in singly doped CdTe:V. This enhancement may bdhese yielded results that agreed well with those from con-
explained if an additionalonorionization level in the vicin-  ventional photorefractive two-wave-mixing experiments and
ity of the (V2*/V3") level is postulated. In particular, if this previous studies. SIMS and EPR spectroscopy were also
level lies closer to the conduction-band edge, the efficiencysed to characterize the codoped material. The EPR results,
of electron photoionization relative to that of hole photoion-in conjunction with the photorefractive data, offer supporting
ization would be enhanced. This, in turn, would lead to agvidence for the presence of a manganese-related ionization
reduction in the electron-hole competition factor and, hencelgvel in the band gap of CdTe.

to an increase in the photorefractive two-wave mixing gain.

Thus, these photorefractive results, along with the fact that This work was supported by BMDO through SBIR Phase
only the Mrf* EPR is observed in codoped CdTe:Mn,V, Il, Contract No. DASG60-93-C-0066 to Brimrose Corpora-
provide supporting evidence for the existence of ation and was monitored by U.S. Army Strategic Defense
(Mn**/Mn?") ionization level in the band gap of CdTe. It Command, Huntsville, Alabama. It is a pleasure to thank Dr.
should also be pointed out that, because of the location dBarry A. Wechsler of Hughes Research Laboratories for
E;, the dominant species present in the codoped materigtimulating discussions on various aspects of this work.
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