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Th e e˜e ct of t reat ment at u p to 1270 K under hydro stat ic ar gon pres -
sure , up to 1.2 GPa, on strain relaxation of A lGaA s layers w as in vestigated by
X -ray di˜racti on and related metho ds. T he 1.5 ñ m thic k A lGaA s layers were
grow n by molecular b eam epitaxy metho d on 001 oriented semi- insul atin g

GaA s substrate at 950 K . An increase in intensity of X -ray di˜use scatter-
ing, originati ng from hydrostatic pressure- induce d mis Ùt dislo cati ons, w as
observed for all treated samples. For the samples treated at 920 K during
1 h under 0.6 GPa, the di˜use scattering w as conÙned to the [110] crystal-

lographi c direction perp endicul ar to the direction of dislo catio ns. For the
samples treated at 1.2 GPa at the same temp erature and time condition s as
for 0.6G Pa, a di˜erent beha vio ur is observed, namely the di˜use scatter-

ing extends along all azimuthal directions, indicati ng that dislo cati ons are
created in b oth [110] and [110] directions . T he change of strain af ter the
treatment w as most pronounced for the samples treated at 1.2 GPa for 1 h

at 920 K .
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1. I n t rod uct io n

Lo w dim ensional epi ta xi al structures based on II I { V compound semicon-
ducto rs are of hi gh technological interest owi ng to a wi de variety of appl icati ons
incl udi ng opti cal tel ecom munica ti on and com puti ng as wel l as quantum electro n-
ics. The latti ce mismatch across the interf ace between the epita xi al layer and the
substra te can be accomm odated by uni form elastic stra in unti l the cri ti cal layer
thi ckness is reached. W hen the cri ti cal thi ckness is exceeded, the stresses favo ur
creati on of dislocati ons.

It is general ly believed tha t m isÙt di slocati ons substanti a lly degrade tra ns-
port pro perti es of semiconducto rs. Theref ore, consi derabl e research acti vi ty has
been devoted to study the mechanism by whi ch the stra in relaxati on occurs in
hetero epi ta xi al system s. It is kno wn tha t anneal ing of such system s at high hy-
dro stati c pressure (HP) of ambient gas (HT{ HP trea tm ent) causes a decrease
in defect density of the crysta l [1]. An inÛuence of the HT{ HP trea tm ent on the
stra in state of GaAs/ Si , InAs/ GaAs and InG aAs/ InP structures has been reported
earl ier [2{ 4]. Such trea tm ent results also in other e˜ects at the layer/ substra te in-
terf ace. For exam ple, the HT{ HP trea tm ent has been reported to a˜ect the defect
structure of the Al GaAs/ GaAs hetero epi ta xi al sampl es [5]. For an Al 0 : 2 7 Ga0 :7 3 As
sam ple, the creati on of dislocati ons al igned in the [ 1 1 0 ] di recti on was observed
after the HT{ HP trea tm ent for 1 h at 1.2 GPa at a tem perature cl ose to tha t of
the layer growth [6].

Investi gatio n of the inÛuenceof appl ied pressure, tem perature, and trea tm ent
dura ti on on the stra in state of the Al GaAs/ GaAs hetero epita xi al layers and on
thei r defect structure was the m ain goal of our work. The study was focused on
detecti on of the change of ani sotro pi c distri buti on of defects created duri ng the
HT{ HP trea tm ent.

2 . E x per i m en t a l

The 1.5 ñ m thi ck Al GaAs layers of di ˜erent Al contents were grown at
T = 9 5 0 K by molecular beam epi taxy (M BE) on the (001) ori ented semi-insul ati ng
GaAs substra tes. The sam ples were HT{ HP trea ted at up to 1270 K under argon
pressure up to 1.2 GPa for 1{ 10 h. The HT{ HP equipm ent was described else-
where [7].

X- ray inv estigati ons were carri ed out usi ng a M RD -PHILIPS di ˜ra ctome-
ter in the doubl e and tri pl e conÙgurati ons. The m easurements of the ful l wi dth
at hal f m axi mum (FW HM) of the rocki ng curve and reci procal space m appi ng
for sym m etri cal reÛections were perf orm ed for the two sam ple positi ons, wi th
the [110] and [1 1 0 ] di recti ons perpendicul ar to the di ˜ra cti on plane. The in-plane
crysta l lographi c di recti on was determ ined from the shape of etch pi ts revealed by
pref erenti al chemical etchi ng.
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For the sam ples trea ted at 1.2 GPa at a tem perature lower tha n tha t of layer
growth (720 K), X- ray to pographs were ta ken at the F1 stati on in HAS YLAB using
whi te synchro tro n beam . X- ray patterns were recorded wi th the Ùlm perpendi cular
to the incident X-ray beam at a 10{ 30 cm di stance.

The stra in of the sampl es was calculated from the latti ce param eters. The
in-plane and out- of -plane latti ce parameters of the layer materi al were measured
before and after the trea tm ent from the sym m etri cal 004, 006, and asym metri cal
335 and 224 reÛections, by the metho d described in [8]. The relaxed latti ce param -
eters, a r el ax , were next calcul ated. The sam ple com positi on was determ ined by two
m etho ds: (i ) from the relaxed latti ce parameter assuming Vegard ' s rul e and (i i ) for
untrea ted and trea ted duri ng 1 h sam ples by secondary ions m ass spectro metry
(SIMS).

PL spectra were exci ted at 4.2 K wi th the 488 nm l ine of Ar laser. A CCD
camera was used as a detecti on to ol .

3. R esul t s

The Al 0 : 4 Ga0 :6 As/ GaAs and Al 0 :7 Ga0 : 3 As/ GaAs structures (deÙned in Sec.2)
exhi bi ted structura l changes af ter the HT{ HP trea tm ent whi le no change was
found af ter anneal ing under atm ospheric pressure (1 0 5 Pa). The HT{ HP trea t-
m ent di d not a˜ect the concentra ti on pro Ùles of Al , As, and Ga (as determ ined
by SIMS) in the studi ed layers. For the HT{ HP trea ted Al 0 :4 Ga0 :6 As/ GaAs and
Al 0 :7 Ga0 : 3 As/ GaAs layers the inÛuence of HT{ HP trea tm ent on thei r defect struc-
ture was sim i lar, theref ore the il lustra ti ng recipro cal space m aps are incl uded in
thi s paper onl y for the representa ti ve Al 0 :4 Ga0 :6 As/ GaAs layer. The studi ed sam -
pl es wi th trea tm ent condi ti ons are l isted in T able I.

T ABLE I

T he treatment conditions for A l 0 : 4 Ga 0 : 6 A s/GaA s (samples
1A {1F ) and A l 0 : 7 Ga 0 : 3 A s/GaA s (samples 2A {2F) layers.

Samples A pplied T reatment T reatment

pressure [GPa] temp erature [K ] duration [h]

1A , 2A { { {

1B, 2B 1. 2 720 1

1C , 2C 1. 2 920 1

1D, 2D 1. 2 1070 1

1E, 2E 0. 6 920 1

1F, 2F 1. 2 920 10

A change of FW HM value was detected onl y f or the sam ples 1B, 2B, 1C, and
2C (see T abl e I I). FW HM di d not depend on the layer orienta ti on. An increase in
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T ABLE II

T he values of FW H M for 004 reÛection (L | layer, S | substrate) and of strain, " ,
for A l0 : 4 Ga 0 : 6 A s/GaA s and A l0 : 7 Ga0 : 3 A s/GaA s structures, as-grow n and treated at
720 K and 920 K under 1.2 GPa for 1 h.

FWH M [arcs] Strain, " Ï 2 È 10
À 4

004 reÛection

Sample and treatment Initial A fter H T {H P I nitial A fter H T {H P

treatment treatment

S L S L

A l0 : 4 Ga 0 : 6 A s/GaA s

920 K { 1.2 GPa { 1 h (1C ) 17 19 19 33 À 5 :7 10
4

6: 9 10
4

920 K { 1.2 GPa { 10 h (1F) 17 19 17 23 5 :7 10 4 6: 0 10 4

720 K { 1.2 GPa { 1 h (1B) 17 19 17 23 5 :7 10
4

6: 1 10
4

A l0 7 Ga 0 3 A s/GaA s

920 K { 1.2 GPa { 1 h (2C ) 19 23 19 25 1: 05 10
3

1: 13 10
3

720 K { 1.2 GPa { 1 h (2B) 19 23 19 28 1: 05 10
3

1: 10 10
3

the out- of-pl ane latti ce param eter and a decrease in the in-pl ane one were found
for the 1C sam pl e. Thi s e˜ect was lesspronounced (wi thi n the error l im it) for the
sam ples 1B and 2B (see Tabl e I I).

In the case of Al GaAs/ GaAs trea ted at a sti l l hi gher temperature and pres-
sure (sam ple D ) as wel l as for the sampl e E and sampl e F, no change of latti ce
parameters wa s detecte d. In spite of the fact tha t no changeof the latti ce constant
value was found for the sam ple D and sam ple F thei r PL spectra indicated a slight

Fig. 1. PL spectra of A l0 4 Ga 0 6 A s/GaA s samples, initi al, and treated at 920 K and

1. 2 GPa for 10 h, at 1070 K and 1.2 GPa for 1 h.
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shi ft to higher wa velength (Fi g. 1). It leads to a conclusi on tha t a compressive
stra in decreased as a resul t of the trea tm ent (the bi axi al com pressive stra in causes
an increase in the energy gap).

An increase in di ˜use scatteri ng after the trea tm ent was observed at the
reci procal space m aps. Di ˜use scatteri ng intensi ty depended on the pressure value,
tem perature, and trea tm ent dura ti on. The reci procal space m aps f or the
Al 0 :4 Ga0 : 6 As/ GaAs sam ple ta ken wi th the [ 1 1 0 ] di recti on perpendicul ar to the
di ˜ra cti on plane are presented in Fi g. 2. For the sam ples trea ted at 1.2 GPa for
1 h, the di ˜use scatteri ng intensi ty from the GaAs substra tes increased wi th in-
creasing trea tm ent temperature. The di ˜use scatteri ng intensi ty from the layer of
the sam ple 1B rem ained practi cal ly the sam e as tha t f rom the ini ti al sam ples, but
increased for the case of sam ple 1C. Al so no creati on of addi ti onal dislocati on for
the sam pl e B trea ted was detected by X- ray synchro tro n to pography .

For the trea tm ent tem perature Ùxed at 920 K, the di ˜use scatteri ng intensi ty
from the layer and substra te m ateri als decreased wi th trea tm ent ti m e (f rom 1 h
to 10 h) but increa sed wi th pressure (f rom 0.6 GPa to 1.2 GPa). In the case of
trea tm ent at 1070 K, the di ˜use scatteri ng from the layer m ateri al wa s of lower
intensi ty tha n tha t from the sampl estrea ted at 920 K, but of higher intensi ty tha n
tha t from the untrea ted sam ples. The di ˜use scatteri ng intensi ty , for 1D, 1E, and
1F sam ples was ori entati on-dependent (Fi g. 3). The di ˜use scatteri ng intensi ty
wa s higher when the di ˜ra cti on pl ane was perpendi cular to the [ 1 1 0 ] di recti on.

4. D iscu ssio n

Addi ti onal stra in created at HP resul ts in the changed in-plane (a H P
k

) and

relaxed (a H P
re la x ) latti ce param eters of the Al GaAs layer materi al . Thi s change is

described by the f ollowi ng f orm ula:

a H P
k

= a 0
k

À

˚
H P

3 B S

Ç

a 0
k

; (1)

a H P
rela x = a 0

re la x À

H P

B L
a 0

re la x ; (2)

where a 0 and a 0
re la x | the ini ti al in-pl ane and relaxed latti ce param eters of the

Al GaAs layer m ateri al , H P i s the appl ied pressure, and B S , B L are the bul k
m odul i of the substra te and layer m ateri als, respectivel y.

At HT{ HP the in-pl ane (a H T H P ) and relaxed (a H T H P
rela x ) latti ce param eters

are described by the fol lowing form ula:

a H T H P = a H P + Â T ˜ Sa H P ; (3)

a H T H P
rela x = a H P

rela x + Â T ˜ L a H P ; (4)
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Fig. 2. 004 recipro cal space maps of the A l0 : 4 Ga0 : 6 A s/GaA s sample aligned w ith

di˜racti on plane perp endicu lar to the [1 10 ] direction ; (a) untreated; (b) treated at 720 K

and 1.2 GPa for 1 h; (c) treated at 920 K and 1.2 GPa for 1 h; (d) treated at 1070 K

and 1.2 GPa for 1 h; (e) treated at 920 K and 0. 6 GPa for 1 h; (f ) treated at 920 K

and 1.2 GPa for 10 h. T he lower recipro cal lattice point on each map corresp onds to

the layer material and the higher one | to the substrate. T he axes are marked in Ñ= 2d

units. T he intensity ratio of neighb ouring contours is equal to 10.

where Â T i s an increase in tem perature, and ˜ S; ˜ L are the therm al expansion
coe£ cients of the substra te and layer m ateri als, respectivel y.

The in-pl ane stra in in the layer, " k , is deÙned as

"
k

=
a k À a re la x

a re la x
: (5)

The sam ple stra in duri ng the HT{ HP trea tm ent can be estimated using
the values of latti ce param eters calculated from Eqs. (3) and (4). Com pressibi l it y
(a t 700 K { 1.2 GPa) of Al As (B A lA s = 83 GPa) is alm ost the same as tha t of
GaAs (B G a A s = 81 GPa). D ue to speciÙc values of therm al expansi on coe£ cients
( ˜ A lA s = 5 10 6 K 1 , ˜ G aA s = 6:7 10 6 K 1 ) and of bulk modulus of the
layer and substra te materi als, the layer stra in duri ng the trea tm ent is tensi le (the
bul k modul us and therm al expa nsion coe£ cient of Al GaAs layers were l inearl y
interp o lated).
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Fig. 3. 004 recipro cal space maps of the A l0 : 4 Ga 0 : 6 A s/GaA s sample; (a, a' ) untreated;

(b, b' ) treated at 920 K and 1. 2 GPa for 1 h; (c, c' ) treated at 920 K and 1.2 GPa for 10 h;

(d, d' ) treated at 1070 K and 1.2 GPa for 1 h, (e, e' ) treated at 920 K and 0. 6 GPa for

1 h. T he symb ols a, b, c, d, e and a' , b' , c' , d' , e' corresp ond to the samples aligned w ith

the di˜raction plane perp endi cul ar to the [ 110] or [110] direction s, resp ectively . The axes

are marked in Ñ= 2 d units. T he intensity ratio of neighb ouring contours is equal to 10.

The di recti on of the in-plane latti ce-param eter change depends on the trea t-
m ent temperature as shown in Fi g. 4. At the Ùrst stage of the HT{ HP trea tm ent,
pressure (HP) is increased whi le temperature remains uncha nged. The change of
the in-plane latti ce param eter duri ng tha t stage is m ark ed by an arro w (tra nsi ti on
from point 1 to point 2). In the next stage, tem perature increases to the Ùnal
value (HT) and the in-plane latti ce param eter ri ses (tra nsiti on from point 2 to 3)
accordi ng ly to Eq. (3).

Cha nges of the relaxed latti ce parameter duri ng the HT{ HP trea tm ent are
depi cted schemati cal ly as a tra nsiti on between points A and C thro ugh the point B.
W hen relaxa ti on ta kes place at HT, the in-plane latti ce param eter v alue is shifted
to the relaxed one (tra nsi ti on from point 3 to 4). Af ter rel ease of HT{ HP to
am bient condi ti ons (tra nsiti on 4 À 5 À 6 ), the in-pl ane latti ce param eter, a end

k
; i s

smal ler tha n tha t of the as-grown layer (a end
k

< a ). Below 900 K, the anneal ing
is exp ected to cause an increase in the latti ce parameter, but a decrease above
900 K (see Fi g. 4). Indeed, a decrease in the in-plane latti ce parameter is observed
for sampl es trea ted duri ng 1 h at 920 K (cl ose to growth tem perature), whi le an
increase f or the sam ples trea ted at the sam e tem perature duri ng 10 h and for
sam ples trea ted at hi gher tem perature (1070 K) is deduced from the lum incescent
l ine shi ft. The in-plane latti ce param eter changes are presented in Fi g. 4 onl y
schemati cal ly. Mi croscopi c pro perti es of solids and di slocati on intera cti on are not
ta ken into account in the above scheme.
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Fig. 4. Semi- schematic draw ing of the changes of the in- plan e and relaxed lattice pa-

rameters of the A l0 : 4 Ga 0 : 6 A s layer grow n on the GaA s substrate, during high temp er-

ature | high pressure (1. 2 GPa) treatment (\ ¯ " | relaxed lattice parameter, \ Â " |

in- plan e lattice parameter).

R elaxati on of the lay er m ateri al ought to be concomi ta nt both wi th the
generati on of dislocati ons and wi th the increased latti ce mismatch at HT{ HP , as
compared to tha t duri ng layer growth.

Generati on of dislocati ons duri ng the HT{ HP trea tm ent at a tem perature
cl ose to tha t of layer growth was earl ier observed on X- ray synchro tro n to po-
graphs [6]. These dislocati ons are responsibl e for increased di ˜use scatteri ng ob-
served around the recipro cal latti ce point of the layers. For the lower tem perature
of trea tm ent (720 K), the stra in created at HT{ HP was to o smal l to pro duce
addi ti onal dislocati ons. Thi s justi Ùes the lack of changes of defect structure on
the X- ray synchro tro n to pographs and expl ains the di ˜use scatteri ng around the
reci procal latti ce point of the layers rem aining practi cal ly uncha nged.

The mismatch, calcul ated from the m ateri al -parameter values, rem ained
pra cti cal ly uncha nged at 920/ 1070 K { 1.2 GPa. The calcul ated mismatch was
8 È 1 0 À 5 or 1 0 È 1 0 À 5 , in dependence on the therm al expansion coe£ cient value
adapted for calcul ati on. The latter can be assumed to be equal to 6 : 0 4 1 0 6 K 1

or 6 :7 1 0 6 K 1 [9].
The expl anati on of the observed latti ce parameter changesis not stra ightf or-

wa rd: stra in relaxati on dem ands accounti ng for the fact tha t both therm al expan-
sion coe£ ci ent and bul k m odul us are dependent on the sam ple defect structure and
electron concentra ti on [9] as wel l as on pressure value. The second e˜ect, inÛuenc-
ing the change of stra in, can be connected wi th increased dislocati on m obi l it y at
HT{ HP condi ti ons. Thi s e˜ect was observed for GaAs/ Si structure s [2]. Cha nges
of elastic properti es and/ or of di slocati on m obi l it y under pressure can expl ain our
observati on tha t the trea tm ent causes a detecta bl e change in the stra in state, al -
tho ugh the di ˜erence between bul k m odul us of the layer and substra te materi als
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is smal l. It m eans also tha t inÛuence of the HT{ HP trea tm ent on defect structure
of the lay ers depends mostl y on the pressure and tem perature values but much
less on the layer com positi on.

The observed rocki ng-curve broadeni ng in respect to the layer in the HP
trea ted sam ples is attri buted to the presence of threa ding dislocati ons as well
as on other defects created duri ng the trea tm ent (a sim i lar e˜ect was reported
earl ier [5]). D ensity of threa ding di slocati ons is dependent on m isÙt dislocati on
density . The presence of m isÙt dislocati ons a˜ects simul ta neously the di ˜use scat-
teri ng intensi ty around the reci procal space points (R SP) of the layer and substra te
m ateri als. It is kno wn tha t f or the hetero epi ta xi al sam ples wi th misÙt dislocati ons
ori ented in one di recti on only, the di ˜use scatteri ng is conÙned to a crysta l lo-
graphi c di recti on tha t is perpendicul ar to the di recti on of dislocati ons. For the
sam ples wi th m isÙt dislocati ons ori ented in the both [110] and [110] di recti ons,
the X- ray di ˜use scatteri ng extends along al l azi mutha l di recti ons. Theref ore, di f-
ferent dislocati ons densiti es for the [110] and [110] di recti ons cause a dependence
of the di ˜use scatteri ng intensi ty on the azimutha l orienta ti on of the sampl e. It
m eans tha t di ˜use scatteri ng depends on ori entati on. An increase in the di ˜use
scatteri ng intensi ty around the RSP of the substra te or layer m ateri als is related
to generati on of addi ti onal defects in the substra te or layer m ateri als. D uri ng the
trea tm ent at lower pressure (0.6 GPa) the dislocati ons in the [ 1 1 0 ] di recti on were
created, as i t fol lows from reci procal space map, but the change of stra in wa s to o
smal l to be experim enta l ly detected. The misÙt di slocati ons netwo rk was gener-
ated duri ng the trea tm ent at some pressure between 0.6 and 1.2 GPa. Thi s e˜ect
wa s m ore pronounced for the trea tm ent tem perature close to tha t of layer growth.
In thi s case the changed layer stra in wa s detected.

Ma rked inter- di ˜usi on of com ponents can result in creati on of a bu˜er- l ike
Ùlm at the layer/ substra te interf ace duri ng pro longed trea tm ents (f or 10 h) or at
hi gher trea tm ent tem perature (1070 K). Hyp otheti cal existence of such layer can
be responsible for the lack of signiÙcant latti ce-constant changes (as indi cated by
X- ray m easurem ents). Mo st pro bably, the decrease in di slocati ons density (whi ch
wo uld be caused by the presence of an addi ti onal layer at the interf ace) duri ng
the pro longed trea tm ent (f or 10 h) or at hi gher temperature (1070 K), resul ted
in the reduced and ori entati on-dependent di ˜use scatteri ng intensi ty . Hi gh di ˜use
scatteri ng around the RSP of the substra te for the sam ple trea ted at 1070 K can
be related to the creati on of addi ti onal defects in the GaAs substra te.

It is necessary to point out tha t the distri buti on of di ˜use scatteri ng de-
pended stro ngly on the sam ple ori entati on onl y f or the sampl estrea ted at 0.6 GPa
for 1 h at a tem perature near to tha t of lay er growth. The di recti onal character of
the di ˜use scatteri ng intensi ty is caused by the [ 110] m isÙt dislocati ons whi ch are
generated duri ng the HT{ HP trea tm ent. The creati on of the [ 1 1 0 ] misÙt disloca-
ti ons is the Ùrst step of stra in relaxati on of the layer [6, 10{ 12]. Thi s phenomenon
is related to enhanced m obi li t y and decreased stra in thresho ld for generati on of
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the [110] ori ented dislocati ons in the zinc blende structure. In the next step, the
di slocati on netwo rk is created resulti ng in a change of the in-plane latti ce param -
eter value. The pressure, for whi ch the Ùrst step of relaxa ti on occurs at growth
tem perature, is equal to 0.6 GPa, but the pressure resulti ng in generati on of the
di slocati on netwo rk equals to about 1.2 GPa. For 0.6 GPa pressure, the stra in of
the Al 0 : 4 Ga0 :6 As/ GaAs sampl e at 920 K wa s calcul ated f rom the form ul a (5) ; i t
wa s equal to 1 : 1 6 È 1 0 À 3 . The cri ti cal stress for generati on of [ 1 1 0 ] di slocati ons,
equal to 0.14 GPa, was calcul ated from the stra in{ stress relati on [13]. The C 1 1

and C 1 2 elastic constants, equal to 118.6 GPa and 60.7 GPa, respectivel y, were
ta ken f rom [14]. It is kno wn tha t stress in semiconducti ng hetero struct ures is just
of thi s order of m agnitude. So the described appro ach al lows for m ore preci se
determ inati on of cri ti cal stress f or creati on of m isÙt dislocati ons.

5. Co n cl usion s

The relaxati on of layer stra in duri ng the HT{ HP trea tm ent rem ains con-
served after releasing the pressure and tem perature to am bient condi ti ons. Thi s
e˜ect was m ore pro nounced for the trea tm ent tem perature appro achi ng tha t of the
layer growth. W hen, duri ng the trea tm ent, the stra in achieves a cri ti cal value for
di slocati on generati ons, the relaxati on occurs. The cri ti cal pressure value, H P c r ,
at whi ch the [1110] m isÙt dislocati ons are created, was used for estimati on of the
cri ti cal stress value for generati on of di slocati ons at the layer growth tem perature.
Tha t cri ti cal value of stress for Al 0 :4 Ga0 : 6 As/ GaAs was, in our case, of about
0.14 GPa. The di slocati ons netwo rk was created and so the change of stra in was
detected for appl ied hydro stati c pressure between 0.6 GPa and 1.2 GPa.
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