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Ternay and quaternay semiconductoalloys are usualy limited in their bard gap engineerig by
problens relatad to modulatian of composition In this contribution we point out the importane of
the growth rate in the evolution of a modulation profile in epitaxid films. As a consequencea
diagran of phass for the epitaxid growth is propose wher a window of homogeneous
compositian is evidence at low temperaturg of growth The modéd provides aframewok for the
epitaxid growth where temperatue and growth rate regulation permits the contrd of the
composition modulation in heteroepitaxies © 199 American Institute of Physics.
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The I11-V semiconductoalloys continwe to play an im-
portart role in the fabrication of opto- ard microelectronics
devices To enhane properties suc as carrier mobility or to
obtan a specift bard gap it is necessarin mary case to
choo ternay or quaternay semiconducto alloys Gener-
ally, one assumstha thes alloys with more than two com-
ponens hawe arandan atomc distribution in the bulk, with-
out ary type of order However thes systens often present
sone type of long- or short-rang order. Three differen fea-
tures can occur. (a) a randan distribution of the atoms (b)
shott range orderirg in the unit cell, usualy referrad to as
atomic ordering and (c) modulat@ distribution where the
composition changs periodically In general sud modula-
tion significanty affects the electrica and opticd properties
of the layers considerd ard they exhibit smalle carrier mo-
bility and broade photoluminescerepeakst In this work,
the importane of the deposition rate on the generatio of
modulatio in heteroepitaxiklayers is addressed.

The compositim modulation in semiconducto alloys
has generaly been attributed to spinodd decomposition.
Many differert thermodynanmd modek hawe been reported
previously for estimatim the critical temperatue for the
spinod& decomposition All thee modek are bas& on
Cahn’s theow for metak ard have bean extende for semi-
conducte heterostructuresThes predictel critical tempera-
tures basel on thermodynamnd instability are found to be
much lower than the usud growth temperature (see Table I)
and are therefoe in eviden contradiction with experimental
results®” Moreover at usud heteroepitaxibgrowth tempera-
tures bulk diffusion cannd explan this growth-associated
behavio becaus the diffusion occus only at the surface®
Malishkin et al.? propog a modé basel on kinetic instability
in 2D growth which is able to explan the modulation of
composition experimentall observe at high growth tem-
peraturesHowever as we will see the exhaustie develop-
mert of the modé establishe the existene of two modula-
tion regimes dependig on the growth conditiors and the
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possibility of obtaining homogeneaosialloys at low tempera-
ture.

Malishkin and Shchukir! incorporae the superficia dif-
fusion effea during epitaxid growth into their thermody-
namica analyss of the spinodéd decompositionThe separa-
tion of phase occuss only in the superficid atomc layers (1
or 2 ML) where diffusion takes place the buried layers re-
maining totally frozen In this thin region with a thickness
hg, the composition of the modulatel layer at equilibrium,
dCeq, is describe as

OCeq= OCeq SIN(K| X), (h)
wher k;, isthe modulation wavelengh alorg the x direction

containel in the growth plare and éc is the amplituce of
modulation expresse as

8Ceq= ¢ exd — vk (h—2)1exp(— vk h), @)

where vy is a dimensionless factor that should be positive if

the modulation progresse during the growth ard z is the
growth direction The evolution of the concentratia profile,
éc, during the growth can be describe by the Langevin
equation*®

aﬁc_ 1 VD*V oF
gt T 5c

TABLE |. Critical temperatue of spinod& decompositia for Ing sGa sAs
usirg the modé of Ref. 22 (T%), Ref. 3°, (TS), Ref 4% (T.), and Ref 9¢
(TM). The alloys grown aboe thes critical temperaturg shoutl be homo-
geneous.

: )

TS (K) TS (K) Te (K) T (K)

INg Gay AS -170 320 430 1030
“Referene 2.
PReferene 3.
‘Referene 4.

dReferene 9.
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wher F is the free enery of the systen ard D* is the
effective diffusion coefficient which is constah ard differ-
ert from zem only in a superficia film of thicknes hy where
diffusion occurs.

If we definedwc as the deviation with respect to the

modulation profile at equilibrium: wc=dc—dceq, the
Langevi equatio can be rewritten as

dwc  k;iD* kiD* o
7: T Ao(.l)C+ [A0+ Bn|(5ceq)]5ceq (4)
where
9%t
A():a_cz"l'Bo, (5)

and wc is the amplituce of the Fouriee componethwave f,
the chemicé free enery densiy and B, and By, (dCey), the
locd ard nonloca elastt energy*

Equatian (4) describs the compositia profile unde dif-
fusion in an epitaxid growth At this point, Malishkin et al.®
assure a new hypothesisfor the comma growth tempera-
tures Ay is so large tha the first tetm of Eq. (5) does not
produe a significart deviation of the modulation profile at
equilibrium Tha is to say, the atomi diffusion does not
suppos ary restrictin in the formation of the modulated
profile. We do nat agree with this assumptio and we there-
fore propog a more complee solution considerig both
terms of Eq. (4).

To make equation parametes adequat to experimental
growth values we propo® the introduction of two new
terms first, the growth time, 7, defined as the time neces-
say to deposi a thicknes hg (74=hgy/v,) wher v is the
growth rate Second the diffusion time, 74, defina as the
avera@ time of adatons incorporatia in the surface The
diffusion timeis limited by the growth time and is defined by

1

=—, (6)
k2D

Td

whete D is the red diffusion coefficient Moreover the dif-
fusion time, 74, is related to the growth temperatureT, ac-
cording to the following expression:

1 Eq @

T4= exp — |,

K@Dy \KT
wher E; is the energy barrig of activation k is the Boltz-
mam constantand D, the preexponentiafactar of the dif-
fusion coefficient By equivalene with the secom Fick law,
we can repla@ D* by the red diffusivity: D=D*A,/T.
Equatia (4) then becomes

dwc 1 — 1 B, (éc q)_
——=—(0wC— 8Cex + — géceq. (8)

ot Td Tq AO
If the coefficiens of this equation are independen of
wc, the solution becomes an ordinawy differentid equation.

Integratirg for a growth cycle, 74, to deposi a thickness,
hg. the solution is
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wC=

e
(1+M SCeqtF(1q,T), (€)

0

whete the function F(74,T), is defined as

Ty 5 —Eq
F(rg,T)=exp — —|=exg — 74kjjDo expg —| |.
Tq KT

(10

Functin F can oscillaie betwea 0 ard 1 if the deposi-
tion time, 74, is muc large' than the diffusion time, 74, F
trends to zera In the invers case F reachs unity. The com-
position modulation is stabk only whenwc=0, and in con-
sequenceEq. (9) gives two possibé solutiors for the modu-
lation of composition:

(i)  7g<7g(F—0), Ag+Bp(8Ceg)=0 (11)

and
(i) 7> 79(F—1),

[ Ao+ Bni( 8Ceq) 18Ceq= — Ao.
(12

In the first case (i), the existing modulatel profile is
adjustel by the atomic diffusion. The critical temperatue for
the modulation T, is obtainel by solving Eq. (11) ard it is
independenof the growth rate This solution correspondto
the Malishkin model® In the seconl ca® (i), describe by
Eqg. (12), the growth rate is so fag tha the atomic diffusion
does nat allow the systen to read the kinetic equilibrium.
The progressia of the modulation depend on the amplitude
of the initial modulation The maximum critical temperature
for this modulation T'c , is describel by the Ipatova model?
Therefore it is necessar to determire which are the tem-
peratue ranges and the usefu growth time for the different
modulation expressionsThe value of the function F deter-
mines the type of possibé modulation and therefore it es-
tablishes the critical temperatue for spinodé& decomposition
using a definal epitaxid growth rate.

Now we will apply the new formulation for the cas of
InGaAs epilayers For InGaAs alloys we use E=14 eV
(Ref. 11) and Dy=2.41 cn?/s as estimatel from experimen-
tal datal? The experimentamodulation wavelengthk;, , os-
cillates betwee 5 ard 20 nm 3 The choice of a value of
15 nm seens to be reasonableln Fig. 1, the function F is
representa for differert growth times At this stage we de-
fine a new critica temperaturge labelal critical transition
temperature T¢(7y), where F(Tg,7)=05 for a given
growth time. This critical temperatug delimits two regions:
(i) T<T., wher only thermodynand instability can gener-
ate modulation of compositioft and (i) T>TL, wher the
diffusion can creae kinetic instability tha gives rise to
modulation of compositior®

Figure 2shows the new pha® diagran of InGaAs alloys
grown by epitaxid techniqus using atypicd growth rate of
0.1 ML/s. The critica temperaturg delimit the modulated
regiors in the diagram For Ing sGa, sAs alloys the epilayers
will be homogeneosi abowe growth temperaturs of
Tg" =1030 K. Below thistemperaturgthe alloy will preseha
kinetically stabilized compositimm modulation However the
alloys again becone homogeneosibelor a growth tempera-
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FIG. 1. The function F vs the growth temperatue for three differert growth
times, 74 . The function F shows a faste decy from unity to zero in ashort

range of temperatures.

ture of T.=523 K. The compositim modulation can appear

agan for inferior growth temperaturs belov T'C:430 K.

The dependene of TE on the growth rate is shown in
Fig. 3. The increag of the growth rate produce an enlarge-

mert of the homogeneit window betwee both regimes of

compositiom modulation Growth techniqus like metalor-

ganic chemicévapa depositim (MOCVD) neda low growth
temperature arourd 300 °C to avoid the modulation in the
layer. However the usud growth temperature in MOCVD
are sensiby highe (>700 °C). In contrast molecula beam
epitayy (MBE) uses lower substrae temperature tha mini-
mize outdiffusion from the substra@ and permi a precise
growth rate control In this technique depositio times, 74,
from 0.1 sto 10 sare usal tha correspod to T., of 275 and
200 °C, respectively Neverthelessthe difficulty to grow ho-
mogeneos layers with appropria¢ crystallinity by MBE at
thee temperature is well known® The use of techniques

1000

Homogeneous

800

600

400

Temperature (K)

T.(z=10s)
Homogeneous g

TI

c

200 4

0.2

0.4 0.6

0.8
In content, ¢
FIG. 2. Phag diagran of epitaxid InGaAs alloy for a growth time of 10 s.

Two differert regiors of modulatel alloys are separatd by a homogeneous
region due to the limitation of growth rate.
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FIG. 3. The critical transitin temperaturgT,, plotted vs the growth time,

74. The lower 74, the larger TL. This cause abroade homogeneosiwin-
dow in the pha® diagram.

with lower growth temperature (200-300 °C), suc as
ALMBE, '’ can allow the formation of homogeneasiinGaAs
alloys of ary In content.

In conclusion the influene of the growth temperature
throuch superficid diffusion and of the depositio rate for

differert growth technique on the modulation of composi-
tion is quantified The existene of two different regimes of
modulatel compositio is demonstrateé and apha® diagram
dependig on the growth conditiors is proposed As acon-
sequencea window of homogeneit is define inside the
modulatel composition regiors in the proposé epitaxial
pha® diagram The proposeé modéd provides a different
framewok for epitaxid growths where temperatue and
growth rate regulation permt contrd of the modulation of
composition in ternay and quaternay semiconductoalloys.
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