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In—Ga intermixing in low-temperature grown GaAs delta doped with In
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Low-temperature grown GaAs films with indium delta layers are studied by transmission electron
microscopy. The delta layers in the as-grown film are found to be as thick as four mondMyers
independently of a nominal In deposit of 0.5 or 1 ML, a thickness which reflects the film surface
roughness during the low-temperature growth. A pronounced In—Ga intermixing is observed in the
films subjected to 500—700 °C isochronal anneals. The In—Ga interdiffusion diffusivity is evaluated.
The effective activation energy for In—Ga interdiffusion is found to berN)B eV which is
significantly smaller than a value of 1.93 eV for a stoichiometric GaAs. The difference seems to
result from a loss of the gallium vacancy supersaturation upon annealing, and is consistent with an
annihilation enthalpy of 0.8 eV. €999 American Institute of Physid$0003-695(99)00310-1

Compositional intermixing in GaAs-based semiconduc-close to InAs well or InAs/GaAs superlattice in stoichio-
tor heterostructures has been of great interest in the past femetric GaAs matrix essentially enhances the In—Ga interdif-
years™? This effect is undesirable for many devices based orfusion and decreases the effective activation energy from 1.9
the heterostructures where a smooth and abrupt interface #éown to 1.6 eV. In this letter, we present results of transmis-
crucial for the device performance. On the other hand, besion electron microscopyTEM) study on the In—-Ga inter-
cause the interface intermixing alters the electronic and opmixing immediately in the LT-GaAs films delta doped with
tical properties of the structure it is considetéd be a pos-  isovalent indium impurity.
sible technological tool to tune some optoelectronic ~ The LT-GaAs films were grown in a dual-chamber “Ka-
quantum-well device parameters such as emission wavdun” MBE system on undoped semi-insulating 2-in.
length, oscillator strength, and refraction index profile. GaAg00Y) substrates which were prepared for the growth

Interface intermixing may be enhanced by impurities orProcedure in the conventional manner. A 85-nm-thick buffer

point defects. In particular, it should be noted that galliumlayer of undoped GaAs was grown on the substrate at
vacancies are known to mediate diffusion on the group 111580 °C, after which the substrate temperature was lowered
zinc-blend sublattice. GaAs grown by molecular-beam epidown to 200°C, and an LT-GaAs film was deposited at the
taxy (MBE) at low (200°Q substrate temperature&T- groyvth rate of 1,urr_1/h_under As pressure of_>?710*4 Pfa.
GaAs is a unique material containing a huge number ofl?urlng the growth, indium delta layers were inserted in the
intrinsic point defects of which the main are As antisitep f|lm by interrupting the Ga beam and using the In beam
to 1°cm~3)* and Ga vacancie@ip to 138cm3).5 When instead for 4 08 s that produced approximately 0.5 or 1

annealed, the excess As conglomerates to form As preciponolayer(ML) of InAs, accordingly. The distance between

tates randomly distributed over the film bulk. To produce at"€ N delta layers was varied from 20 to 60 nm. The samples

spatial ordering of As precipitates, indium-containing inser-3rWn were cleaved into four pieces of which one remained
tions were introduced in the growing film in the form of as-grown, while three others were subjected to annealing in

InGaAs well§ or In delta layers. Upon subsequent anneal- 'c\i/lf?E crtw;mber u?der Asogvgg%essggof% lF?I min at :[Irlléi/le
ing, In—Ga intermixing occurs along with As diffusion and inerent temperatures. '  OF - ran-view

precipitation. This intermixing slurs the interfaces and cancPecimens were prepared by wet chemical etching. Cross-

influence the As cluster accumulation within the In- sectional samples were prepared by mechanical dimpling fol-

containing layers. Previous wofks® on the intermixing in lowed by Ar ion-beam milling. These TEM samples were

low temperature grown AlAs/GaAs superlattices showed aqsﬁumed using Philips EM 420 or JEOL JEM 4000 instru-
e

intensive degradation of the interface abruptness and result
in the Al diffusivity to orders of magnitude greater as com-
pared with that in a similar stoichiometric structure. Little is
known, however, on the In-Ga intermixing in LT-GaAs ma-
trix. It has been shown onf§’that the LT-GaAs layer located

The measurements from 200 DF image have revealed
the delta layer in the as-grown sample to be as thick as 1.1
+0.1nm. This value has been evidenced by imaging the
sample in high-resolution mode alofigl0] zone axis. The
high resolution electron microscop@iREM) micrograph
taken from the as-grown sample with the In deposit equiva-
dElectronic mail: bert@hetero.ioffe.rssi.ru lent to 0.5 ML in each delta layer is represented by Fig) 1
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FIG. 2. Cross-sectional TEM micrograph taken in 002 reflection from LT-
GaAs sample with various In content in delta layers. Arrows at the right side
show the positions of the In delta layers, and the numbers give the nominal
In deposit in ML.

can be seen, indium is detected over 12 ML, i.e. 3.39 nm.
With increasing nominal In deposit up to 1 ML the In-
containing layer begins to occupy 15 M@.24 nm).

When the annealing temperature is as high as 700 °C the
local indium concentration in the thickening delta layer be-
comes too low to be detectable in the HREM imaging mode.
In addition, the growing As clusters obscure the contrast of
the delta layer in the 200 DF image. In this case, the esti-
mated thickness of the In-containing layer for 0.5 ML in-
dium deposit is 6 nm as extracted from the 200 DF image.

The In concentration profile across an In delta layer after
the intermixing can be deduced then from the conventional
diffusion equation:

FIG. 1. High-resolution TEM images alori§10] direction of as-growr(a) J 92
and annealed at 600 °@®) samples. The boundaries of In-containing layers —c(zt)=D T co(z.1 1
are arrowed. ot In( ) ) In—Ga( ) (9_22 In( ) ). ( )

o o wherec,(z,t) is the In concentration, and ,_c{T) is the
and shows the indium-containing layer to occupy 4 MU3  ,_ 4 interdiffusion diffusivity. If we accept that the In dis-

nm). The same thickness of indium-containing layer hasyipytion in the as-grown sample is described by Gauss error
been observed when increasing the nominal In content if,nction

each delta layer to 1 ML.

Because the depth distribution of the In-rich region is Xodgo2 22
not altered by the In dose, and the film is deposited at low ~X(2)= exp{ - ﬁ)
temperature, we attribute the width of the In-containing delta 0
layer to the roughness of the growth surface prior to In depofx(z)—In mole  fraction, Xxo—its nominal  value,
sition. We consider then the In-containing layer to consistdgo,—monolayer thickness, i.e., 002 interplanar distance,
mainly of islands dispersed within 4 ML. The lateral size of cp—dispersioh the analytical solution of Eq(1) is also
the In-containing islands can be estimated to be less than 1@aussian with the dispersiom that is connected with the
nm proceeding from the TEM specimen thickness. This ignterdiffusion coefficient as
consistent with the results of recent study of LT-GaAs _ 2 2
growth surface by scanning tunneling microscopy. 2Din-cd D=0~ 05 ©

200 DF TEM and HREM observations of the samplesTo extracto from the experimental delta-layer thickness one
annealed at 500 °C revealed indium containing within 6 MLhas to understand what minimum In content is distinguish-
(i.e., 1.70 nmfor the samples delta doped with In to 0.5 ML. able from the TEM image; that is at what level of the In
1 ML of the nominal In deposit resulted in an observed In-concentration the delta-layer thickness has been measured.
containing layer thickness of 8 M(2.26 nm). The annealing An as-grown LT-GaAs sample delta doped with In to various
at 600 °C resulted in further thickening of the In-containingnominal content was studied for this purpose. Figure 2 ex-
layers. Figure (b) demonstrates HREM image of the sample hibits 002 DF image of the as-grown LT-GaAs film where

with 0.5 ML nominal In deposit after annealing at 600 °C. As the nominal In content is reduced from 0.5 ML in the upper
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reflects the film surface roughness during the low-

b E=1.1:03eV o -osmL o temperature growth. A pronounced In—Ga intermixing is ob-

o 107 | St o B Tl served in the films subjected to 500—700 °C isochronal an-

".g ol *\\\\\ e neals. To find the diffusivity we have defined experimentally
o e the smallest indium content observable in 002 DF mode to
1019 F 41019 be 0.005 mole fraction and regarded the measured In delta-

. . s layer thickness as the width of In concentration profile at this

L 1 ITK:'Z 13 level. The In—-Ga interdiffusion diffusivity is greater by al-
1000 o

most two orders of magnitude than that of a stoichiometric
FIG. 3. Arrhenius plot of effective In—Ga interdiffusion diffusiviby,_ga. material. The effective activation energy for In-Ga interdit-
The vertical symbol size corresponds to error bar. The activation energy ifusion is found to be 140.3 eV, which is significantly less
1.1+0.3eV. than the value of 1.93 eV for stoichiometric GaAs. We con-
sider this difference to be due to a loss of the gallium va-
delta layer down to 0.006 ML in the bottom one. The lastcancy supersaturation upon annealing that is consistent with
delta layer confidently seen in the image has a nominal Iran annihilation enthalpy of 0.8 eV.
content of 0.018 ML. Taking into account the fact that the
delta-layer thickness in the as-grown sample is 4 ML, we  This research is supported by Grant Nos. RFBR-96-02-
estimate the threshold In mole fractiag, to be 0.005. Then 17931 and 98-02-17617 as well as DFG cooperative Grant
o can be calculated numerically from the measured deltaNo. 436 RUS 113/322(®,S). The work is carried out under
layer thicknessv using the equation the programms Physics of Solid State Nanostructures and
Fullerens and Atomic Clusters of the Ministry for Sciences
—= . (4) and Technologies of Russia. The authors would like to thank
8o th doo2 R. V. Zolotareva for careful and successful TEM specimen
preparation.

We calculated the effective In—Ga interdiffusion diffusivity
for the temperatures 500, 600, and 700°C regarding the

delta-layer thicknesses measured from 200 DF images as the

full width of the In distribution at the levek;,=0.005 In

mole fraction. Figure 3 shows the Arrhenius plot of the ef- . '
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