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The redistribution of Ga in amorphoussilicon (a-Si) in the temperaturerange of 560-830 K by
meansof medium-energyion scatteringhas beenstudied.During the initial 10 s of the annealingthe
diffusivity shows a transient behavior that is attributed to the changein the relaxation state of the
amorphousmatrix. From 560 to 830 K the ditisivity during relaxation is enhancedby sevento two
orders of magnitudecomparedto the value for bulk a-Si. Possible models that show the observed
transient diffusion behavior are discussed.

INTRODUCTION
The diffusion of dopantsis an important parameterin the
fabrication of delta-dopinglayers in crystalline Si (c-Si). Iri
conventional Si molecular beam epitaxy (MBE) it has
proved impossible to confine dopantslike Ga or Sb to a few
atomic 1ayers.l In this article a solid phase epitaxy growth
(SPEG) method is used to overcome the strong tendency of
the dopant atoms to float on the surface at typical growth
temperaturesof 900-1000 K. The dopant atoms are buried
underneathan amorphouslayer that is subsequentlycrystallized in situ by heating to 830 K.’ Recently we have grown
Ga delta-doping layers with a full width at half-maximum
(FWHM) of less than 1 nm and with almost all the dopants
residing on substitutional sites.3
When using SPEG, one of the limiting factors in obtaining sharp doping profiles is the diffusion of the dopantsinto
amorphousSi (a-Si) at the regrowth temperature.The structure of a-Si is a covalently bonded continuous random network, where the angles between bonds are distorted with
respect to the ideal tetrahedralangle in c-Si. Upon thermal
annealing defect complexes in the amorphousstructure are
annealedout and are accompaniedby a decreasein the averagebond angle distortion.4This processis known as structural relaxation5 Amorphous Si exhibits a continuous range
of structural configurationsin the temperaturerangeof 3001070 K.ep7
In order to obtain more insight into the redistribution of
Ga during the preparationof delta-dopinglayers in c-Si,8 we
have investigatedthe diffusion of Ga in a-Si. We have found
that the redistribution of Ga in unrelaxed a-Si in the temperature range of 560-830 K shows a transient by which the
diffusion is enhancedby several orders of magnitude with
respectto relaxed a-Si.
EXPERIMENT
For the Ga diffusion experiments three identical aSi/
Gala-Si sandwiches were grown on the native oxide of

Si(OO1)substrates.The Si(OO1)samples (16X6X0.4 mm3)
were cut from a phosphor doped wafer with a resistivity of
‘)Presently on assignmentat: CNET, SGS-Thomson, Centre Communde de
Crolles, BP16, 38921 Crolles Cedex, France.
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5-10 fi cm. The silicon oxide layer at the interface between
the crystalline substrateand the amorphousfilm prevented
the a-Si from regrowing epitaxially. Each sample was annealed at a different temperatureand subsequentlyanalyzed
in situ using medium-energyion scattering (MEIS). The
depositions were done in an ultrahigh vacuum system for
MBE that is connectedto the ion scattering chamber.*’All
the layers were grown at room temperature.First, an a-Si
layer of -15 nm was depositedonto the native oxide of the
substrateusing an electron-beamevaporatorat a deposition
rate of 0.2 rim/s..Next, a submonolayerof elementalGa was
deposited from a Knudsen cell containing a graphite crucible. The cell was used at a temperatureof 1160 K, which
resulted in a flux of 7X10r2 atoms/cm2s. Finally, a top layer
of -3 nm of a-Si was grown at a rate of 0.05 run/s. Reflection high-energy electron diffraction showed no diffraction
spots or rings, which indicate an amorphousstructure.After
the sampleshad been transferredto the scattering chamber,
Auger-electronspectroscopyindicated clean surfaceswith C
and 0 contaminationonly below the detectionlimit of 1% of
a monolayer (ML). [One ML is defined as the number of
atoms in the Si(OO1) plane and equals_ 6.78X1014
atoms/cm2.]Temperatureswere measuredusing-an optical
pyrometer.The temperaturescale was calibratedto within an
accuracy of ?30 K for temperaturesbelow -750 K and to
within an accuracy of 410 K in the range of 750-950 K.3
MEIS, in combination with ion shadowingand blocking
effects, was used to determinethe morphology of the grown
structures after each of the annealing stages. The incident
beam of 100 keV protons was aligned with the [lli] direction of the c-Si substrate.The direction of detection was
along the [ill] axis. In this doubly aligned geometry the
deeper layers of the c-Si hardly contributed to the backscattering signal. Since the energy loss of H ions is well
known in the energy range from 50 to 200 keV, the backscatteringenergyrangecan be convertedinto a depth scale in
the sample. For the experiments described here, the depth
conversion correspondedto 4.50eV/nm. The energy resolution was limited by thicknessvariations of the overlying a-Si
layer and energy straggling of the backscatteredions. The
correspondingdepth resolution was -1.0 nm (FWHM) in
this experiment.3
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FIG. 1. High resolution MEIS spectra obtained for the as-depositedand
annealedGa profiles of an a-Si/Ga/u-Si sandwich. The sample contained
0.66 ML of Ga. The scattering geometry is shown in the inset. The arrow
indicates the energy expected for the elastic backscattering of Ga surface
atoms. The solid curves are to guide the eye.
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FIG. 2. High resolution MEIS spectraof Ga after different annealingsat 830
K. The fraction of Ga atoms at the surface is 0.34 ML. The scattering
geometry is shown in the inset. The solid curves serve to guide the eye. The
dashedline is a Gaussianfit to the buried Ga profile.

The diffusion transientsoccurred in the temperatureand
time rangesin which the a-Si is known to exhibit structural
relaxation. In order to verify whether there is a relationship
The three a-Si/Ga/u-Si sandwiches were annealed at
between the two phenomena,a fourth sample was made in
560, 670, and 830 K, respectively, for different periods of
time each. After each annealing, MEIS spectra were rewhich the underlying a-Si layer was relaxed by thermal ancorded. Figure 1 shows the backscatteringpeak of 0.66 ML
nealing to 750 K for 3 min prior to the deposition of 0.40 ML
of Ga buried in the a-Si sandwich.At the surface about 0.03
Ga. After the deposition of the top layer of Si at room temML of Ga atoms is visible. The as-depositedFWHM of the
peraturethe as-depositedprofile had a width of 2.5kO.2 run.
Ga profile was 3.420.2 nm in the case of all three samples. This is significantly less than the 3.4 nm width obtained for
In the caseof the first sample,the width of this profile broad- the unrelaxedsamplesand is equal to that observedin earlier
studies for c-%/Gala-Si sandwiches.3Next, the sample with
ened to 3.9kO.2 mn upon annealingto 560 K for 10 s. Annealing for an additional 10 s at 560 K resulted in a slight
the relaxed a-Si layer was isochronally annealedfor 60 s in
a sequenceof four different temperatures(see Fig. 3). The
increaseof the amount of Ga atoms at the surface from 0.03
broadeningof the Ga profiles was significantly less than that
to 0.07 ML (not shown). Further annealingfor a total of 100
and 1000 s did not change the profile. The second sample observed in the case of the unrelaxed samples [see Figs. 1
was annealedto 670 K. After 10 s at this temperaturethe
and 2). At the highest annealingtemperatureof 800 K the Ga
as-depositedprofile broadenedfrom 3.4 to 4.220.3 nm, and profile broadenedto 3.420.4 nm (Fig. 3).
0.25 ML of the depositedGa atoms becamedetectableat the
Figure 4(a) summarizes the measured “final” profile
surface (also not shown). Longer annealing at this Eempera- widths as a function of the annealing temperature for the
three unrelaxedsamplesand for the sample with the relaxed/
ture did not causethe Ga to redistribute any further. Figure 2
unrelaxed a-Si layers. We conclude that both the starting
shows the depth distribution of Ga in the third sample,which
width and the rate at which the width increaseswere smaller
was annealedto 830 K. After a first annealing of 10 s the
profile broadenedfrom 3.4 to 5.320.4 mn, and 0.34 ML of
in the case of the sample with the relaxed a-Si layer. The
the Ga atoms was detectedat the surface.Additional anneal- difference in Ga redistribution is also demonstratedby the
ing to a total of 640 s left the Ga atoms immobile as far as number of Ga atoms found on the surface after annealing.A
larger fraction of the Ga atoms was found on the surface in
could be detectedby ion scattering.
the caseof the sample with the relaxed layer [Fig. 4(b)]. The
Thus for all three sampleswe observeda rapid Ga redisobservedtransient diffusion is thus clearly related to the retribution that stopped within -10 s at each temperature.In
laxation state of the a-Si.
addition, the f&t sample was subjectedto extra annealingto
830 K for 10 s, i.e., it was given the same treatment as the
For our study to be relevant, it is important that the film
third sample.This causeda further transient redistribution of
indeed stays amorphous during thermal annealing. The Si
the Ga, and the resulting profile (open triangles in Fig. 1)
trailing edge of the four samples was checked to ascertain
matchesthat of the third sample (closed circles in Fig. 2) to
that the a-Si had not epitaxially crystallized upon annealing.
within 5%.
Indeed, in the case of all annealedsamples the native oxide
RESULTS
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FIG. 3. High resolution MEIS spectra of 0.40 ML of Ga in an a-Si/Ga/a-Si
sandwich. The first layer of Si was deposited onto the native oxide of the
substrateat room temperatureand was &axed by annealing at 770 K for 60
s. Subsequently,the Ga and Si layers were deposited at room temperature.
After the final annealing at 800 K 0.35 ML of Ga atoms was at the surface.
The arrow indicates the backscatterenergy for the surface Ga atoms. On the
Iow energy side of the spectrum the leading edge of the Si backscatterpeak
is just visible. The solid curves are to guide the eye. The dashedline in the
inset is a Gaussianfit to the buried Ga profile.

in the sampleswas checkedto ascertainthat~the a-Si had not
epitaxially crystallized upon annealing. In all cases in the
annealedsamplesthe native oxide inhibited epitaxial crystallization. At temperaturesup to 830 K random nucleation is
unlikely because70 h are required for random crystallization
at this temperature.” However, in the case of high dopant
conc&rations (>0.5 at %), several ion implanted dopant
systems in Si show an amorphousto polycrystallitie transformation after annealing at temperaturesmuch lower than the
770 K usually required for SPEG.12,13
Crystallization may
occur in the amorphousfilm away from thb c-Sifa-Si interface, as in the case of In in Si.14We performed some additional experiments to check this possibility for the samples
with Ga. First, we followed by ion scattering the crystauization of an a-%/Gala-Si sandwich that had been grown on a
clean Si(OO1)surface and had subsequentlybekenannealedat
830 K in time intervals of 10 s. The moving c-Si/a-Si interface and the low minimum yield behind the Si surface peak
indicated that the amorphous layer became progressively
monocrystalline.’ This observation excludes the possibility
of the formation of polycrystalline Si through the nucleation
of Si at the Ga spike. High-resolution transmission electron
microscopy (HTREM) was also performed on a sample consisting of a sandwich of a-SiJGala-Si layers depositedonto
the native oxide of a Si(OO1)substrateat room temperature.
After annealingat 470 K for 60 s+andthen at 570 K for 60 s
cross-sectional micrographs showed that the matrix is still
amorphous.”
DISCUSSION
Our data show that the diffusion of Ga exhibits transient
behavior in the temperaturerange studied, i.e., the redistriJ. Appl. Phys., Vol. 76, No. IO, 15 November
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FIG. 4. (a) Observed widths of the Ga backscatterprofile as a function of
the annealing temperature.(A) 0.66 ML Ga buried in an unrelaxed a-Si/Ga/
n-Si sandwich. (0) 0.40 ML Ga buried in an a-Si/Ga/u-Si sandwich with a
relaxed a-Si layer grown prior to Ga deposition. (b) Ga surface fractions as
a function of the annealing temperature. The symbols correspond to the
results of measurementsperformed on the samples described in (a).

bution takes place in a relatively short period (-10 s), after
which the Ga atoms are practically immobile.
From the broadeningof the widths of the Ga backscatter
energy spectra the transient diffusion coefficients were derived. Starting from the FWHM values of the as-deposited
Ga profiles (3.4 nm) the diffusion length L after annealing
was calculated. HereafterL2 (at temperatureT) is defined as
the difference between the squareof the width (FWHM) of
the Ga profile at temperatureT minus the squareof the width
of the as-depositedGa profile. Since the annealing time t is
known, the diffusion coefficient D follows from

D=$
We have found lower limits for the transient diffusion coefficients of 3.7X10-l’ cm2/s at 560 K, 6.OX1O-15cm2/s at
670 K, and 1.7X1O-15cm2/s at 830 K. These are lower limits because the redistribution takes place very rapidly in a
period that may be less than 10 s and therefore the actual
diffusivity may be higher.
In the temperaturerange from 830 to 950 K the diffusion
of Ga into a-Si has been found to exhibit an Arrhenius type
of behavior with an activation energy of 1.9 eV.16’Extrapolation of this diffusion coefficient to lower temperatures
gives 7X 1O-22cm2/s at 560 K, 5X lo-l9 cm2/s at 670 K, and
3 X lo-l6 cm2/s at 830 K. The observedtransient diffusion is
thus several orders of magnitude higher than expected for
Zagwijn ef a/.
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bulk amorphousmaterial. Clearly, changesin the structure of
the a-Si have a great effect on the redistribution of Ga in
a-Si. It is known that the a-Si structurally relaxes over the
whole temperature range we used.677
It has been shown that
the random network reaches a pseudosaturatedlevel of relaxation after annealing at each temperature with a l/e relaxation time of lo-100 s.17
In principle, three possible explanations exist for the
transient observed, namely: (1) concentration-enhanceddiffusion, (2) trapping and detrapping at defects present in a-Si,
and (3) kick-out by Si interstitials releasedduring relaxation.
We will now discuss these three possibilities.
One possible explanation is concentration-enhanceddiffusion. This could lead to a transient since the diffusion
could be enhanceduntil the concentration drops below a certain level. The unrelaxed samples, which showed the strongest transient, had a Ga coverage of 0.66 ML, whereas the
relaxed/unrelaxedsandwich, which showed less broadening,
had smaller coverage of 0.40 ML. However, we observed
that the broadening of the unrelaxed samples (all with 0.66
ML Ga coverage) depended on temperature only, not on
time. If the diffusion were enhanced by the concentration,
then the same end state should have been reached (at different rates) for each temperature. However, at each temperature broadening was observable (which showed that the Ga
was mobile), and therefore each temperature clearly had its
own final Ga distribution. Thus the transient cannot be explained by concentration-enhanceddiffusion.
A second possibility is that trapping at defects in the
a-Si is important. Coffa et aLI8 have proposed this mechanism to explain their data on the diffusion of transition metals in a-Si. These transition metals undergo direct interstitial
diffusion and are temporarily trapped at defects.18Assuming
that Ga is also trapped at defects in the a-Si, at each temperature, Ga atoms would be released when the associated
defects are annealed out. The Ga atoms then undergo a fast
diffusion until they are trapped again, either at intrinsic defects or at the surface. This model does indeed explain the
transient behavior, but predicts that the diffusion in relaxed
a-Si is higher than that in the unrelaxed material, as the
latter material has a higher trap density. We found that the
diffusion in relaxed material is lower than that in unrelaxed
material and, therefore, the trapping model does not explain
our observations.
The third possible mechanisminvolves Si interstitials in
the a-Si. For many impurities it has been found that there are
similarities in the diffusion mechanismin c-Si and a-Si.rgmu’
This is probably caused by the fact that the local order in
a-Si and c-Si is basically the sa.me.r8In c-Si Ga diffuses
through a substitutionauinterstitial interchange mechanism
(interstitialcy mechanism)?l Our observations of transientenhanced diffusion in a-Si can be explained by the same
mechanism in which kick-out reactions occur between substitutional Ga atoms and Si interdials.
Fast diffusion may
occur becauseSi interstitials are releasedinto the unrelaxed
a-Si during thermal annealing. At a given temperature the
structural relaxation reachesa pseudosaturationlevel, and the
subsequentdrop in the concentrationof Si interstitials leaves
the Ga atoms practically immobile after the high-mobility
5722
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transient. At a higher temperature,the process repeats itself
for a new range of structural defects. The difference in Ga
diffusion between the unrelaxedsamplesand the sample with
the relaxed a-Si layer is then caused by the lower concentration of Si interstitials present in the latter material during
annealing. Thus the broadening is less in the case of the Ga
sandwiched between the relaxed and unrelaxed materials
[Fig. 4(a)], whereas more Ga reachesthe surface since the
Ga is reflected at the interface with the relaxed material [Fig.
4(b)]. This model assumesthe existence of Si interstitials in
a-Si during structural relaxation. The existance of such interstitials has not been demonstrated,but models assumingSi
interstitials have been proposed to explain the transient behavior of dopant diffusors in Si.”
The second (trapping) and third (interstitial) models are,
of course, related. In both models the structural relaxation of
a-Si during annealing leads to a diffusion transient. The difference is related to the importance of traps for the impurity
of interest. The transition metals studied by Coffa et al.18
underwent long-range interstitial diffusion that was retarded
by traps. Ga, on the other hand, diffuses only from one substitutional site to the next: essentially the entire material acts
as a trap and, therefore, the additional defects in unrelaxed
a-Si are not important as traps, but are very important as
sources of interstitials.
CONCLUSIONS
We have found that the diffusion of Ga in a-Si is
strongly enhanced during the structural relaxation of the
amorphous matrix. In an unrelaxed material the diffusion is
enhancedby many orders of magnitude in the temperature
range studied (560-830 K). The redistribution mechanism
shows transient behavior. After the initially enhanceddiffusion, the diffusion of the Ga atoms becomesnegligibly low.
The observed redistribution can be explained by a
substitutional/interstitial interchange mechanism during the
thermal relaxation of the a-Si.
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