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Elec tr on p aramagnet ic resonance, optical absorption, lumines cence and
electrical studies of InP highl y dop ed with Mn were perf ormed . Electron

paramagnetic resonance revealed presence of manganese in Mn 2 +
( d

5
) con-

Ùguration. In optical absorption, systematic reduction of InP band gap w as
observed w ith increase in Mn content. T his was correlated with increase in
photoioni zati on-typ e absorption band starting at 0.2 eV . T ime- resolved pho-

toluminesce nce measurements show ed decrease in photo excited carrier lif e-
time and shortening of donor {acceptor pair recombination time with increase
in Mn content. Moreo ver, photolumi nescence band w as shif ted to low er en-

ergies, similarl y to optical band gap. In electrical transp ort two mechanisms
of conductivity were observed. V alence band transp ort dominated at higher
temp eratures, above 160 K , and activ ation energy of free-hole concentration
w as determined as about 0.20 eV . A t lower temp eratures hoppin g conduc-

tivity , clearly related to Mn defect band, w as present. A ll these results were
consistent w ith assumption of creation of Mn- related defect- band at 0.2 eV
above InP valence band. I t was found that Mn centers responsibl e for this

band w ere in conÙgurations of either d
5 or d

5 plus a hole locali zed about 7 ¡A
around corresp ondi ng Mn core.

PAC S numb ers: 71.55.Eq, 72.20.Ee, 72.20.Jv

1. I n t rod uct io n

R ecent theo reti cal predi cti ons of possibl e ferrom agneti sm at room tempera-
ture in some of di luted m agneti c II I { V compounds tri gerred m any studi es of such
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m ateri als. Up to now the record high Curi e temperature, about 150 K [1], be-
longs to GaMn As. However, in spite of huge ẽ o rt put in opti m izati on of growth
parameters and post-growth anneal ing, thi s tem perature is sti l l far below 300 K,
conveni ent tem perature f or appl icati on purp oses. Theref ore, i t seems im porta nt to
study di luted magneti c semiconducto rs based on other I I I{ V compounds in order
to search for possible better m ateri als. The importa nt issue seems to be the under-
standi ng of mechanisms leading to ferromagneti sm in Mn- based II I{ V com pounds,
and especial ly condi ti ons for Mn centers necessary to fulÙll in order to obta in high
tem perature ferrom agneti c orderi ng.

In thi s paper we report results of our studi es perf orm ed on InP highl y doped
wi th Mn. InP wa s grown by Czochra lski metho d. Ma nganese wa s added duri ng
growth and i ts concentra ti on reached 8 È 1 0 1 8 cm À 3 value. Because of segrega-
ti on e˜ect, i t was possible to select sam ples from the same ingot wi th di ˜erent
Mn concentra ti on (sam ples Mn I, Mn I I, and Mn I I I). Glow discharge m ass spec-
tro scopy (G DM S) showed tha t Mn content was 5 È 1 0 1 8 cm À 3 ; 7 È 1018 cm À 3, and
8 È 1 0 1 8 cm À in sam ples Mn I, Mn I I, and Mn I I I, respectivel y. Concentra ti on
of other accepto r im puri ti es (m ainly Zn) was about 1 0 cm . Co ncentra ti on of
donor im puri ti es (m ainly Si) wa s about 5 È 1 0 cm . Two Czochralski -grown
sam ples wi tho ut manganese: InP: S ( - typ e ) and InP: Zn (Ha l l concentra ti on =

5 È 1 0 cm at = 3 0 0 K) were also studi ed for com parison.

El ectron paramagneti c resonance (EPR ) studi es of the InP sampl esdescribed
above were perf orm ed usi ng Bruker spectro meter worki ng at about 9 GHz m i-
cro wave frequency. They revealed presence of m anganese in Mn ( ) conÙgura-
ti on for al l Mn doped InP . The correspondi ng spectra are presented in Fi g. 1. They
show characteri sti c signal wi th facto r equal to 2.00, simi lar to the one al ready
reported by others [2]. Bro adening of the l ine is due to intera cti on of Mn centers
in highly doped sampl es.

Co nti nuous-exci ta ti on (CW ) photo lum inescence (PL) wa s m easured, using
He{ Ne laser (633 nm ) or second harm oni c of Nd: YAG laser (531 nm ) for exci ta ti on
and 50 cm m onochrom ato r equipp ed wi th germani um detecto r for analysis of PL
spectra. In ti m e-resolved pho tolum inescence (TR PL) m easurem ents, 150 fs pul ses
of Ti :sapphi re laser were used for photo exci ta ti on of free electron{ hole pairs in
the sam ples. Then a m onochrom ato r and streak cam era analyzed the spectra l and
tem pora l distri buti on of the PL. The photo lum inescencespectra of InP: Zn revealed
exci to nic lum inescence l ines and shal low donor{ shal low accepto r recombi natio n.
An acceptor bound line A X at 1.413 eV ( = 8 K) and l i feti m e 7 0 Ï 1 0 ps
wa s observed. For InP: Mn sampl es, strong decrease in PL intensi ty in compari son
wi th non Mn- doped sampl es was observed. Exci to ni c l ines were hardl y vi sibl e.
In the energy range of 1.3{ 1.4 eV PL m ostly weak spectrum , corresp ondi ng to
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Fig. 1. Electron paramagnetic resonance spectrum for I nP: Mn samples. T he observed

line is due to Mn 2+ ( d 5 ) conÙguration ( g = 2 : 00 ). Inset: the EP R amplitu de vs. Mn

content dep endence. The dep endence is weak since the signal comes from minor Mn 2+

state.

shal low donor to shal low acceptor (D { A) tra nsi ti ons peaked at 1.355 eV (T = 8 K),
wa s observed. Bro ad lum inescence band in the energy range at about 0.9{ 1.2 eV
dom inated the PL spectrum . Thi s band could be assigned to shal low donor{ Mn
accepto r (D { Mn) recombi natio n, as it was shif ted about 0.2 eV below the exci to nic
tra nsiti ons.

Esti mati on from TR PL results gave photo exci ted carri ers li feti mein InP: Mn
of the order of a few tens of femto seconds. T aking into account tha t recom binati on
rate r S i s proporti onal to the concentra ti on of Mn centers N M n , r S = R M n ,
one coul d estimate recom binatio n coe£ ci ent = 10 cm / s. The increase in
Mn concentra ti on in InP sam ples leads to decrease in l i feti m e of the D { A line.
The decay ti me observed for InP: Zn sam ples was = 430 ps. It wa s reduced to

= 200 50 ps, = 150 30 ps, = 75 10 ps for sampl es MnI, MnI I, and
MnI I I, respecti vel y. Theref ore i t wa s clear tha t Mn content leads to f aster decay
of D { A lum inescence.

Opti cal absorpti on was m easured in the wi de range of energy, from 40 m eV
to 1.5 eV, using CAR Y5 and Bruker 113V spectro meters. In energy region close
to InP band- to -band tra nsiti ons, system ati c reducti on of band gap wa s observed
wi th increase in Mn content. W e present thi s behavi or in Fi g. 2, to gether wi th
resul ts of the m easurem ents perform ed on InP sampl es wi th no intenti onal Mn
doping. At lower energies absorpti on band appeared for Mn- doped sam ples wi th a
thresho ld at about 0.2 eV | see Fi g. 3. Thi s band has been al ready observed by
La mbert et al . [3] and assigned to ioni zati on of hole from Mn center to InP valence
band. Ho wever, the absorpti on band observed by us is bro ader and structurel ess.
Thi s indi cates, to gether wi th bro adening of band- to -band tra nsiti ons, creati on of
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Fig. 2. Optical absorption spectrum in the range of I nP band- to- band transitions for

I nP: Mn (samples MnI , MnI I , and MnI I I ), for InP: S and for InP: Zn. Reduction of band

gap for InP: Mn is clearly visibl e.

Fig. 3. Photoioniz atio n spectrum of Mn in InP corresp onding to hole transition from

Mn level to InP valence band. For comparison absorption of I nP: S in the same energy

range is show n.

Mn- related im puri t y band. Thi s band is pl aced about 0.2 eV above InP valence
band. Further exp eriments were perform ed in order to supp ort thi s thesis as well
as to characteri ze Mn center responsi ble for the im puri ty band.

Ha l l e˜ect m easurements were perform ed on the three InP: Mn sam ples wi th
di ˜erent Mn content in the tem perature rangeof 60{ 300K. T emperature- dependent
electri cal tra nsport revealed two m echanisms of conducti vi ty . At hi gh tempera-
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tures, above 160 K, valence band tra nsport dom inated, whereas at low tempera-
tures hoppi ng conducti vi ty was present. In the case of hoppi ng conducti vi ty , the
conducti vi ty is given by the form ula

¥ H o = ¥ H o0 exp (À 1 : 7 3 N À 1 = 3 =a f À E ) (1)

where is concentra ti on of defects, whi ch pi ns Ferm i level, and f has a m eaning
of local izati on radi us of a carri er (i n our case hole) tra pped by the defect [4]. The
acti vati on energy describes potenti al Ûuctuati ons in the hoppi ng band. In the
case of tw o tra nsport mechanisms, the e˜ecti ve conducti vi ty tensor ^ is a sum
of two tensors: ^ = ^ + ^ . Theref ore, the e˜ecti ve mobi l it y m easured in
presence of the both tra nsport m echanisms is = ( + ) and the
e˜ecti ve hole concentra ti on is = ( + ) .

Fi tti ng to the exp erim ental data made in the fram e of thi s sim ple m odel (see
Fi g. 4) al lowed determ ining acti vati on energies as 1 8 Ï 1 m eV, 1 9 Ï 1 m eV,
2 1 Ï 1 m eV for sampl es Mn I, Mn I I, and Mn I II, respectivel y. T aki ng into ac-
count the Mn content determ ined by GD MS, local izati on radius of a hole at m an-
ganese center, f = 0 7 4 Ï 0 1 nm could be calcul ated. Thi s value is smal ler tha n
hydro gen-l ike radius, even for heavy holes in InP equal to about 1.2 nm [5].

The hi gh tem perature parts of concentra ti on, m obi li ty and resisti vi ty curves
were described by simi lar parameters for al l three sam ples. It m eant tha t free-hole
concentra ti on was sim i lar in al l the sam ples. Its acti vati on energy determ ined f rom
the Ùtti ng wa s = ( 0 205 Ï 0 005) eV.
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3 . Co n clusion s

R esults of the perf orm ed experim ents, in parti cular broadening of opti cal ab-
sorpti on bands, reducti on of InP band gap, lum inescenceshi ft and especial ly hop-
pi ng conducti vi ty observed at low tem peratures, suggested form ati on of Mn- related
defect band, in all the inv estigated sam ples wi th Mn concentra ti on of the or-
der of a few ti m es 1 0 1 8 cm À 3 . For these sampl es the Fermi level wa s pi nned at
E A = ( 0:205 Ï 0:005) eV. The wi dth of Mn im puri ty band was about 20 m eV (as
estim ated f rom hoppi ng acti vati on energy E 3 ). Theref ore, ta ki ng into account low
compensati on (5%), one could exp ect Mn- related level at about 0.22 eV above
the to p of InP valence band. Thi s value is in agreement wi th the value reported
by Lam bert [3]. It is also consi stent wi th observati on of Mn- related PL band in
the energy range of 0.9{ 1.2 eV. The question ari sesabout the conÙgura ti on of Mn
center responsible for thi s defect band. Basing on the results of electron param ag-
neti c resonance, the center was in d 5 conÙgura ti on when occupi ed by electrons.
From hoppi ng parameters the other conÙgura ti on coul d be determ ined as Mn( )
pl us a hole of local izati on radius equal to about 7 ¡A.

The data obta ined by ti me-resolved photo lum inescencemeasurement showed
tha t Mn defects are fast and e£ cient recom binati on centers in InP . The am pl i tude
of lum inescence decreased about 500 ti mes in com pari son wi th InP not doped
wi th Mn. T ogether, decay ti mes were a f ew ti mes shorter in the case of D{ A
recombi nati on, and roughly two orders of m agni tude shorter in the case of free
carri ers. The hole recom binatio n coe£ cient was about = 10 cm / s, whi ch
al lowed to estim ate the Mn cross-secti on for hole capture = 2 È 1 0 cm .
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