
D e f e c t a c t i v a t e d i n f r a r e d m u l t i p h £ n o n e x c i t a t i o n i n i r £ n - d o p e d s e m i -

insulat ing indium phosphide
Lung-Han Peng,a) Tom Broekaert , Woo Young Chd , Clifton Fond ad , and Victor Jonesa)
Dep¤r¤n¤ u qf H ea r- ° EnWHeen-ng and Compar. sd ene-, Ma n a g er- f nsUlfure o/ Ted nd ogy,

Co mbrd ge, Mag am o - - o2B 9

( Received 27 D ecember l 990; accepted for publ ication 29 A ph l 199 1)

M ultiphonon excitat ion induced by long-range order crystal-Held and shod -range od eu m -

Teller distortion eHems is observed in Fe-doped settHung nam - I nP in the spectral range
from 4m to n m cm - l for infrared l ight propagating in a slab waveguide geometry .

T ransmission measurement data are analyzed in terms of phonon energies at cri tical
points in the Brmoult- zone. The phonon energies obtained are in excellent agreement wi th
recently reported second order Raman scattering spectra and two-phonon absom uon
measurements of crystal l ine I r¤ - T he energy diHera - es between the near ly degenerate two
phonon. transverse optical + longi tudinal opt ical transi t ions at the ¸ , X , and L points

are also resolved and shown to be 10 cm - l . N o localized mode or viM ort- level absom uon

is observed, consistent wi th the relat ively low concentrat ion of Fe impuri ties in the

samples.
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F e-doped segn i - in su lat i ng ind i um phosphide ( SI I n P )
has d r aw n special at ten t ion recen t ly because of i t s app l ica-

t ion i n h igh speed dev ices and opt oelect r on ics- I n m any
inf r ared op toelect ron ics app l icat ions a w aveguide geom e-

tU is ut i l i zed , w h ich invo lves in a lon g op t ical path in the

m at er ial and increases the g u nm ance of even ver y w eak

op t ical absor p t ion pr ocesses. I t is th er efor e im por t an t to

und er st and the in f r ar ed absom u on p rocesses oco u n ts m

I nP and t o access t hei r im pact on dev ices. W e r epor t her e
the Hr st st ud y of w eak d efect -in du ced m u l t ip le-pho non ab-

so rp t i on in Fe-doped SI I nP in t he range f rom 4m ( 25
Pm ) t o 11m cm - l ( 10 p m ) .

I t i s w eH k now n that i n t r od uci ng im pur i t ies in an ot h -

er w ise per fect cryst al dest r oys t ranslat ional invar i ance and

low ers t he sym m et r y f r om space gr oup sym m et ry to pÌ n t
gr oup sym m et r y -l ,2 0 n e of t he m ost im po r tan t resu l ts i n-

duced by t h is reduct ion in sym m et ry is that al l t he lat t ice

vibr at ion m ods becom e in f r ar ed and R am an al low ed . A n

inf r ar ed ( I R ) absor pt ion m easurem en t is consequen t ly

abl e to m ap t he phonon den sit y spect r um of al l possib le

phonon over tone and com bi nat ion m od es.
T he natu re of t he host m at er ial and t he im pur i t i es a1so

play an i m por tan t ro le in deter m i n ing t he I R abso rp t ion

spect r um . I t i s w el l under stood , fo r exa- - 1e, t hat in
heavi ly t r ansi t ion m et al doped I I -V I zin c b len de st r u ct u res

(e.g., F ed oped Z nS) , t he lon g-r an ge c rystal Held w Hl sp l i t

the im pur it y gr ound el ect ron ic stat s in t o a d oublet and a
t r iplet -3- 5 F ur ther m or e, dynam ic Jaim - T el l er d istor t ion

w i l l st r ongl y aged t he coupl i ng betw een the lat t i ce v ibr a-

t ion and the i nt er im pur i ty elect r onic gr ound states ( v i -

bronic levels) and w i l l induce phonon sid ebands in low

tem per at u r e absorp t ion and photo lum inescence ( PL )
m easur em ent s-3- 5 A l though t he val id i t y of appl y i ng th e

cr ystal neld t heor y to the m or e covalent I I I -V com pound

m ater ials ha been quest i oned , recen t PL and abso r pt ion
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T A BL E I . Phonon state as e rum- ns ln the t ransmission spc tra of Fe-

dom d I nP at 3Ä K .
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FIG 1. T he transmissmn spectr um of F ed o* d indium phosphide be-
tween 4Ä and 7m cm - l measured at 3Ä K with l ight Ina d- -t normal

to the surface of the sample. T he ida n im a - n of t he peaks 1s g1ven m
Table 1.

slu m s occu r ing at t h e ¸ , X , an d L poin t s. I t i s bel ieved th is
is d ue to t he Jaim - T el l er d istor t ion eHeck th i s po in t is

under cont in ued invest i gat ion .

M ul t ip le phonon exci tat ion is seen clear ly f r om 7Ä to
1 1m cm - l and the co r respond ing phonon st ate assi gn -

m en ts ar e l i st ed i n T ab le I . T he m ost ob vious feat ur es ar e
tw o sets of r epUcas of t he th r ee tw o -p honon absor pt ion

peak s t hat ar e SO pr om in ent t o t he left in F i g. 1 ( and w h ich

ar e r esol ved in to ni ne closely spaced peak s in F ig . 2 ) . T h e
nr st set , peaks 1 1, 12, and 13, are ap p r ox im ate- 160 cm - l

aw ay f r om t he low er ener gy peaks. T h is sep ar at i on cor re-

sponds t o t w o longi t ud inal acoust ic ( L A ) phonons. A con -
stan t phonon ener gy sh i f t of 160 cm - l is al so found be-

tw een t he pai r s o f absor pt i on peak s 1 1 and 14, 12 an d 15.

and 13 and 16, w h ich i nd icates that t he h igher ener gy set of

peaks is a rep l ica of the 6r st i nvol v ing an add i t ional tw o
L A phonon- 1t is w o r t h not in g t hat m om en t um con ser va-

t ion of t he incident I R l igh t r equir es incr em en t s of tw o

been r epor ted pr eviously i n t he l i t er at ur e. l3- l 5 T he peak s
rangin g f rom m to 5m cm - l ( a t h r ough d ) are associ -

ated w i th K and ± ¯ singu lar poi n ts i n t he B r i l lou in
zone.14,l 5 T he t h ree st r ong peak s betw een 6m and 7Ä
cm - l ar e due t o t w o-phonon p rocesses involv i ng, r esp ec-

tivel y , tw o t r ansver se op t ical ( T O ) phonons, a T O and a

longi t ud inal opt ical ( L O ) ph onon , and tw o L O phonon -

Car efu l exam inat ion o f t he shapes of t hese t h ree absorp t ion

peaks h in ts that each m ay be t he super posi t ion of sever al
peaks. H ow ever , each of t he t w o -phonon t ransit io ns are

near l y degener at e at t he ¸ , X , and L point s and t he sm al l

ener gy d ig a - - es betw een t he t r ansi t ions occur r i ng at
( ese cr i t i cal poi n t s are norm al ly unr esolvabl e at nor m al

¦ :d em e-

T he data in F i g. 2, w hich w ere m easu red in the w ave-

guide geom et r y , p r ovi de in for m at i on on w eaker abso rp t i on

( m ul t ip le phonon ) p r ocesses. 1t also help s to r esol ve t h e
st rong tw o-phonon pr ocesses seen in F i g. 1. h is clear l y

seen f rom F ig. 2 t hat t he t h r ee st r ong tw o-phonon pr o-

cesses obser ved in F ig. 1 ar e now w el l r eso lved in to n ine
ind iv i dual absorp t ion peak s. W e obser ve a 10 cm - l ener gy

d iHefe nce bet w een t he near l y degener ate tw o phonon t r an -

T A BL E I I . Experi mental phonon frequencies (cm - ¯ ) in 1nP at 3m K .
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7IG . 2. T he transm l$ 1011 spectr um of Fed oped indium phosphide k ¤
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the plane of t he sample. i .e¤- 1n a slab waves nde geomet ry - T he ida m n-
canon of the peaks IS gw en in T able I .

aReference l 3.
bReference 14.
cReference l 5.
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dop ing concen t r at ion is ver y low . T her efore localized

m ode and i nter nal v ib r on ic level exci tat ions are too weak

to be obser ved . E xper i m ent al ly , t o see t he local ized modes

and vibrOft- levels exci tat ion , a dop r. concent rat ion as
h igh as 10 l9 cm - 3 is requi r ed -M 2

I n conc lusion. defect -act i vated rrun t i phonon exci tation

in Fe-doped SI I nP has been observed in a slab w aveguide

geo m et r y in t he f req uency ran ge f rom m to H M cm â

T r anslat ional sy m m et r ies b roken by subst i t u t ional im puri-
t ies and m od u lat ion of t he elect r om agnet- w ave utter- -

t ions by cr ystal neld and lat t ice d ist or t ion lead to mul-

t iphonon M = 3,4,6 ) absorp t ion w hich is not observed in a

t r ad i t ional sho r t path nor m al i ncidence geom et r y . L A ( L )

phonons ar e seen to d om inate t he m ul t i phonon exci tation

spect rum d ue to t he d isto r t i on alon g t he ( 1 1 1) d i rection.

T he phonon en er gies obtai ned at t he cr i t i cal points were

found to be i n excellen t agr eem en t w i th recen t ly publ ished
dat a. A n ener gy d igg er- e of 10 cm - l w as observed at 650

cm - l betw een the near l y degener ate tw o-phonon

T O + L 0 t ransi t ions at the ¸ , X , and L points in I l- -

C onsistent w i t h the low Fe concent rat ion i n t he ind ium
phosph ide sam ples, no local ized m ode and in ter -v ibrot-

level exci t at ion w as obser ved .
T h is research w as su ppor ted by t he N at ional Science

Found at ion , G rant N o . E C S 9M 8485.
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phonons fo r each rep l ica set . I t is also not su r p r i si ng th at

t he low ener gy acoust ic ph onon br anch , i .e., L A (L ) ,

w ould dom inate in t he m u l t ip honon exci t at io n spect r um

because of t he ch ange of fo rce constan ts and the lat t ice
d istor t ion along t he ( 11l ) d i r ect ion in a zi nc b lende st r uc-
tu re. Peak 10 is locat ed 50 cm - l low er th an peak l l

[2T O ( ¸ ) + 2L A ( L ) ] and is ten tat i vel y assi gned to be
2T O ( ¸ ) + 2T A ( L ) . Peak 17 is 335 cm - l h igher t han

peak 9 [2L O ( ¸ ) ] and is ten t at i vely assi gned to be a

3L O ( ¸ ) process. T h e 3L O ( ¸ ) pr ocess, peak l 7, i s w eak

because the cu bi c t er m in t he H am i l t on ian is very sm al l
d ue to t he l ack of inver sion sym m et r y i n zinc b lend e st r uc-

tu res-
F rom the t en tat ive assign m en ts l i st ed in T abl e I , w e

can solve fo r t he cHt i cal poi n t phonon ener gies. Self -con-

sistent cr it ical po i nt phon on ener gies obt ained f rom the

r ep l ica sets are l i st ed in T ab le H . E xcel len t agr eem en t 1S

fo und w hen com par in g t he p resen t r esu l ts w i t h pr ev iously
publ ished dat a-l H 4 T he self -consist en t l y sol ved T A ( L )

phonon ener gy is i n ex cel len t agr eem ent w i t h the p rev i -
o usly p ub l ished dat a-- ± H is conn rm s t hat t he L A £
phonon en er gy is 80 cm - t ( R ef . l 3 ) rat her t han l 60

cnt - l . l4.l 5

A s w as m ent ioned i n th e i n t rod uct ion , t he elect r om ag-

net ic w ave int er act ion w i t h t he sym m et ry -br o ken cr ystal is
now m od i ned by t he long-r an ge cry stal -neld and sho r t -

r an ge Jatu t- T el ler d i sto r t ion w hich on ly p reserves t he
poi nt gr oup sym m et r y r -d of the zinc b lende st r uct u r e. B y

t r ansfo rm ing t he per tur bat ion H am i l ton ian i nto a nor m al

m ode r epr esen tat ion , and af t er second quan ta an on , 1t 1S

eÄ y t o sh ow t hat , i n add i t i on to the tw o pho non p r ocess,
t hr ee and fo u r phonon pr ocesses ar e now possib le. C onsid -

er ing th e con ser vat ion of incident pho ton m om en t um , the

exci tat ion of zone cen ter phonons ( ¸ ) and phonons fr om

opposi t e d i r ect ions at t h e zone boundar i es (Ö L , and K

from equ ivalen t ph onon br anch es in t he B r i l lo tu ft zone ) is

expect ed . T hese expectat ion s ar e in agreem ent w i t h t he

exper im en t al obser vat ions in F i g. 2 and t he assignm ent s m

T able I .
I t shou ld be poin ted out that acco rd in g to t he Br out

sum r u le, l 5,l 7 t he sum of any op t ical br anch phono n ener -

gies is const ant and indep enden t of t he phonon w ave vecto r

for pu rel y el ect rostat ic i nt er at om ic for ces and fo r sh or t

range fo rces betw een t he near est nei gh bor - T ho ugh t he Fe

ions subst i tu te on I n si tes, and change the in teratom ic

force constant , t h is per tu r bat i on does no t seem to change

t he l at t ice v ibr at ion . O ne of t he reasons is th at t he Fe

l R . LoM ort- PrÄ . Phys. Soc- 84, 379 ( l 964 ) .
3J. L . Bi rmart- Phys. Rev. 131, l 489 ( l 963 ) .
¯ G . A . Slack . F. S. Ham. and R. M . Chr¤ 1ko, Phys. Rev. 152, 376

( l 966 ) .
®F . S. H am n d G . A . Slack. Phys. Rev. B 4. 777 ( l 971) .
®J. T . VaHIn- G . A . Slack. S. Roberts. and A . E. H ughes. Phys. Rev. B

2. 43l 3 ( H 7O) .
® W . H . K o d el. U . K ad man- and S. G . Bishop, Solid State Commun-

21. 1069 ( l O77) .
¯ G . K . IPP INN a- E. M . Orner yanovsU i - N . M . Pavlov. A . Y a- Nam el-

¤sU i - and S. Y . Y akobsort- Sov- Phys. Su nicorn - 11, 773 ( l 977 ) .
® D . C . Look. Phys. Rev. B 20. 4 l M ( l 979 ) .
qD . C . Look. Sol id S ate Commun- 33. 237 ( l 98O) .
IOG . K . I ppo iluva and E. M . O rner yano s h- Sov- Phys. Semicord - 9,

l 56 ( l 975)
± P. W . Y u- Sohd State Comm un- 32. l l 1l ( l 979 ) .
l2B. DeVa ud- G . Picoh, B. L ambert , and G . M an n- z, Phys. Rev. B 29.

5749 ( l 984 ) .
l3G . F . A WR y and P. H . Borcherds- J. Phys. C 5, L 272 ( l 972 ) .
l4E. Bedel, G . Lam a- R . e arls , J. P. Reda nes- and J. B. Rent- ci , J.

Phys. C 19 . l 47 l ( l 986 ) .
l5B. U l r ich and E. Jain - , Phys. Status Solid i B 74, M l ( l 976 ) .
l6p . H . Borcherds- G . F . A WR Y- D . H . SaundersOft- and A . D . B. Woods-

J. Phys. C 8. 2O22 ( l 975) .
l7R . T romrna - H . M ul ler . M . Cam or- - and V . Vogl . Phys. Rev. B 21.

4869 ( l 980 ) .

/ é - ¢

5 6 6Penq et at. . . ¢ ,¶ , c o R1n R ££ I¤¤I¢, , £ QN


