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GaAlAs/GaAs and GalnAs/InP thick layers, single and multiple quantum wells were grown
by atmospheric pressure metalorganic vapor phase epitaxy. Auger electron spectroscopy,
wedge transmission electron microscopy, x-ray diffraction, low-temperature
photoluminescence, and scanning electron microscopy were used to analyze the crystal
quality. These analysis techniques show that layers grown using high vapor pressure
metalorganic sources present fluctuations in the ternary alloy composition. We propose

that these fluctuations are due to the pulse character of the high vapor pressure metalorganic
flow. Bubbling experiments were performed to show the relationship between ternary

layer composition fluctuation and the pulse character of the metalorganic flow. High vapor
pressure metalorganic source like trimethylgallium presents tens of Angstroms growth

rate per pulse or bubble whereas a low vapor pressure source like triethylgallium presents few

Angstréms growth rate per bubble.

I. INTRODUCTION

Metalorganic vapor phase epitaxy (MOVPE) and mo-
lecular-beam epitaxy (MBE) are the most powerful tech-
niques to produce thin layers and abrupt heterointerfaces.
Both techniques have been extensively utilized to grow
quantum wells (QWs), superlattices, quantum wires, and
to fill up atomic steps in a controlled way.'™ MBE has
been recognized to give the highest two-dimensional (2D)
electron gas mobility and the sharpest photoluminescence
lines for GaAlAs/GaAs quantum structures.’ '° Neverthe-
less, both techniques are able to produce high quality IT1I-V
bulk (thick layers) materials, with slightly better results
for the MOVPE technique for indium-based materials.!*~

Possible explanations for the MOVPE lower 2D mo-
bility, for the growth of heterostructures, are related to: (i)
interface abruptness and homogeneity of the alloy compo-
sition, (ii) contamination of the interface and alloy by high
vapor pressure impurities like oxygen and silicon from the
system and sources, (iii) barrier fluctuation and asymme-
try due to the reactor and bypass lines pressure imbalance
and due to a nonuniform metalorganic (MQO) flow, and
(iv) no gas phase draining due to dead space volumes or
higher vapor pressure constituents, intrinsic to the
MOYVPE technique.

This paper describes the atmospheric pressure (AP)
MOVPE growth and characterization of GaAlAs/GaAs
and GalnAs/InP layers. We show that ternary layers
present composition fluctuations along the growth direc-
tion due to the pulse character of the metalorganic flow,
which can also affect the interface abruptness. To our
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knowledge, this is the first time that the interface abrupt-
ness is correlated to the pulse character of the MO flow.
These results are very important for those working with
atmospheric pressure reactors.

High-resolution Auger electron spectroscopy (AES)
and wedge transmission electron microscopy (WTEM) are
used to analyze the composition ternary layer fluctuation.
Low-temperature photoluminescence (PL), x-ray diffrac-
tion (XRD), and scanning electron microscopy (SEM)
are used to analyze the crystal quality and to support the
AES and WTEM results.

. EXPERIMENTAL
A. The MOVPE system

The MOVPE system is a home-made one, operating at
atmospheric pressure, rf induction heated and equipped
with a Thomas Swan fast delivering switching manifold.
The quartz reactor has a square cross section with a 9°
cone-shape entrance, without dead space volume to avoid
vortices and memory effects, as shown in Fig. 1. High gas
velocity (32 to 64 cm/s), due to the reactor small cross
section and to the hydrogen carrier gas high flow (5-10
slm), allows fast gas phase switching. This carrier gas ve-
locity approaches to the low pressure reactor regime
(~100 cm/s). At these conditions, ternary and quaternary
layers can be grown lattice matched to the substrate for
more than 15 cm?, without susceptor rotation, low pres-
sure, and water cooling. All the MO lines have a 100-sccm
hydrogen dilution line connected to allow high gas speed
within them. The reactor exaust line has mechanical and
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FIG. 1. Schematic representation of the APMOVPE reactor cell and the Thomas Swan manifold with the MO and hydrides sources. The graphite

susceptor is heated by radio frequency (rf).

chemical cleaning procedures: glass wool, molecular sieve,
mineral oil, HNOj;, and water, to avoid air pollution. The
MO commercial sources utilized are: TMG, TMA, TEG,
TMI, and DEZ from Alfa Ventron. The hydrides commer-
cial sources are AsH;, PH;, SiH,, and HCI from Air Lig-
uide.

B. The layers structures

Ga; _ ,Al,As (0<x<0.5) and Ga, _ JIn,As (y~0.53)
thick and thin layers were grown on [100] GaAs and InP
substrates, respectively. Single quantum well (SQW) or a
series of QW (MQW), in which the growth time was var-
ied, were grown to check the reactor conditions and their
influence on the interface abruptness. Growth rate veloci-
ties are taken from thick layer measurements and are 5-10
A/s for GaAlAs/GaAs and 4-8 A/s for GalnAs. Bulk
GaAs, InP, and Gag47Ing 53As layers exhibited 77 K Hall
mobilities and donors concentration of 94 000 cm?/V s and
2 X 10%cecm~—3, 95000 cm?*/Vsand 1 X 10" cm ™2 and
56000 cm?*/V's and 2 X 10" cm ~3, respectively. The
electrical characteristic of GaAlAs presents an increasing
intrinsic donor density (#) as the Al composition increases
for both TMG and TEG sources. For the TMG source n
increases from 2-3 X 10" to 7 X 10" cm~ 2 and for the
TEG source n increases from 3-4 X 10'° to 5 x 10'6
cm ~ 3, when Al increases from 0% to 35%.

it CHARACTERIZATION
A. Auger spectroscopy

Auger measurements were performed in a Jeol Scan-
ning Auger Electron Microprobe JAMP 108, coupled with
Ar ion sputtering. The ion energy was 1 keV for current
density of 5 X 10~ % A/cm? and the erosion rate was 15
A/min. Measurements were done at every 30 s (7.5 A).
The ion beam makes an angle of 37° relative to the sample
surface. The analyzed surface by the ion beam was 2X2
mm?. The Al, Ga, and In lines followed were 1396, 1070,
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and 404 eV, respectively. During data acquisition the ion
erosion was stopped.

B. Wedge transmission electron microscopy

Observations by transmission electron microscopy of
cleaved samples were performed on GaAlAs/GaAs QW.
This technique offers some unique advantages in terms of
chemical composition information and thickness
determination.”®?! The edge of the specimen, which is
cleaved along 110 planes, is transparent to the electrons
and observed along [100] zone axis. Due to the well defined
geometry of the specimen, the equal thickness fringes pat-
tern can be unambiguously interpreted in terms of chemi-
cal composition fluctuations. Abrupt discontinuities in the
fringes pattern are associated with abrupt interfaces be-
tween two homogeneous materials, while continuous
changes in the fringes profile indicate a slow variation in
the chemical composition. In particular, if the interfaces
are accurately parallel to the observation direction, gradi-
ent of composition on the nanometer scale can be
detected. 20!

C. Photoluminescence spectroscopy

Photoluminescence measurements were performed at
77 and 2 K using a Ar-ion laser as excitation source. The
power density employed was 100 mW/cm? at the lower
limit and 2 W/cm? at the highest excitation. The lumines-
cence radiation was analyzed with a 0.5-m grating spec-
trometer, with spectral resolution better than 0.3 meV, and
detected with a nitrogen-cooled S1 photomultiplier.

D. X-ray diffraction measurements

Cu k,, x-ray rocking curves of the samples for 004
reflection were obtained on a double-crystal system. The
experimental setup consists of: microfocus generator (ef-
fective focal size of about 50 um X 50 ym), a GaAs 004
monochromator and a Lang topographic camera, includ-
ing an electronic panel and detector. Although steps size in
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TABLE 1. Physical parameters of the MO sources, growth conditions, and results obtained in bubbling H, through a mineral oil bubbler.

H, usual Approximate n of A
Physical bubbling bubbles observed Approximate

Bath usual state at Melting Vapor flow for with oil bubbles
MO temperature usual point Density pressure this work experiments volume
source °C) temp. (°C) (g/cm®) {mm/Hg) (sccm) (r/min) (cm?)
™G - 13 liquid —15.8 1.10 25 5-10 10 to 14 0.7
TMA 24 liquid 154 0.752 11 5-10 8to 12 0.8
TEG 0 liquid —82.3 1.057 1.5 90-100 96 to 108 1.0
T™I 18 solid 88 1.568 1.5 75-100 continuous flow
TEA 20 liquid - 52 0.835 0.3 not utilized
TEI 30 liquid —32 1.260 0.56 not utilized

8 of the order of 0.1 s of arc can be attained in this system,
it has been used at 2 s of arc in the measurements.

IV. RESULTS AND DISCUSSION
A. The simulated bubbling experiment

The MO sources used are commercial 200-g stainless-
steel cylinders, equipped with 3.2-mm internal diameter
bubbling Teflon deep tube.?? The number of hydrogen bub-
bles per minute flowing through the liquid MO source can
be estimated by several ways: (a) by using a cylinder trans-
parent source, (b) by calculations using known physical
parameters, (c¢) by simulations using liquids with similar
physical properties, (d) by using a microphone and ampli-
fier attached to the cylinder, or (e) by using the MO source
in series with a similar transparent low level oil
bubbler.?*2> The last possibility has been chosen and it
enables one to count the bubble rate for the same condi-
tions as in the layer growth. The high vapor pressure MO
sources like TMG and TMA are manufacturated with a
large internal diameter tube as described in Ref. 22. The
bubble volume and the MO flow rate depend on the inter-
nal deep tube diameter and MO physical parameters.”> MO
parameters and bubbling simulation results are presented
in Table I. According to it, high vapor pressure MO like
TMG and TMA are transported to the reactor as low flow
rate bubbles or pulses. One pulse in the pipe line is gener-
ated by a H, MO impregnated bubble, inside the cylinder
by the Teflon deep tube. The MO pulses are smeared out in
travelling the 1.5-m pipe line between MO cylinder and
reactor, but it is believed that the MO pulses are not com-
pletely dituted within the line. Figure 2 shows a scheme of
the TMG cylinder and part of the pipe line. It presents
regions of high MO concentration (a pulse) and regions of
low MO concentration (the residual part of the pulse).

In order to grow GaAs, H, = 10 sccm bubbling rate
through the TMG cylinder was used and the crystal
growth rate is ~ 10 A/s. Using the simulated low level oil
bubbler flow rate, 14 bubbles have been counted per 60 s.
Accordingly, one should have ~43 A per bubble or pulse.
As to the growth of a 10-A thin layer, only part of a pulse
is necessary. This should explain the nonlinear relationship
between layer thickness and growth time observed in very
thin layers grown by the APMOVPE technique.?
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According to the bubble volume and flow rate shown
in Table 1, it should be better to have cylinders deep bub-
bling tubes with a smaller diameter than that described in
Ref. 22,

The pulse TMA character was overcome by including
an orifice within its pipe line, so that the pulse character is
restricted to the TMG and TEG MO sources. This means
that in the growth of GaAlAs/GaAs and GalnAs/InP,
only the gallium sources presents a pulse character. For the
H, high flow rate MO sources like TEG, the growth rate of
GaAs gives ~2.7 A/s and the bubbling simulation gives
1.6 bubbles per s, which implies a better thickness control.
Compared to TMG growth one can conclude that it is
much more difficult to grow ternary and quaternary layers
without composition fluctuation using higher vapor pres-
sure MO sources.

B. Auger characterization of the GaAlAs/GaAs
system

Figure 3 shows the AES depth profile of a GaAlAs/
GaAs/GaAlAs/substrate sample with nominal thicknesses
500/100/10 000 A /substrate, Al~30%, grown using
TMG -+ TMA sources. This structure was grown without

Hy DILUTION STAINLESS TUBE
LINE 100 sccm 0)nr~4mm7

RESIDUAL PART
OF THE PULSE7

- g

PULSES FRONTS

|DI$TANCE BETWEBV
6 TO 4 sec.

TEFLON

Qth~3.2mm-\§ TMG- | _BUBBLE VOLUME~0.7cm®

FIG. 2. Representation of the TMG MO source and the pulse flow char-
acter the MO vapor is transported to the reactor cell by low flow rate
hydrogen carrier gas.
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FIG. 3. High-resolution Al and Ga AES depth profile spectra of a
GaAlAs/GaAs/GaAlAs (500/100/10000 A) SQW showing barriers
composition fluctuation due to the TMG pulse flow character. The 500-A
barrier growth takes around seven to eight pulses, according to the 30%
Al composition growth rate.

stopping the growth at the interfaces. The TMA was di-
rected towards to the bypass line for 10 s during the GaAs
SQW construction. From this figure one observes that the
ternary barrier has a high composition fluctuation (~8%)
with some periodicity on both sides of the SQW, which is
a little disturbed by the TMA flow directed from the by-
pass to the reactor lines. The higher Al peak observed at
the first interface (starting from the surface) is due to a
small pressure difference between reactor and bypass lines.
Note that the higher Al peak at the interface can disturb
the composition fluctuation quasi-periodicity. Similar AES
spectra were taken from different regions of the same sam-
ple. The growth of the SQW depicted by the AES profile in
Fig. 3 takes 10 s and, according to Table I, it should cor-
respond to 2.3 TMG bubbles. The noninteger number of
bubbles and the barrier composition fluctuation make it
impractical to build a symmetrical and abrupt SQW with
these conditions. The left-hand side 500-A barrier width of
Fig. 3 takes 36 s to grow. According to the bubble simu-
lation it should correspond to 7 to 8 TMG pulses, which is
approximately the same number of Ga peaks observed.

Figure 4 shows AES depth profiles of multiple
GaAlAs/GaAs QW structures, grown with TMG
+ TMA sources, with the Al average composition of: (a)
12% and (b) 45%. These structures consist of four SQW
corresponding to growth time of 2, 4, 8, and 16 s, while the
TMA flow was directed to the bypass line. This figure then
confirms our conclusions drawn from Fig. 3, and also:

(i) The higher the pressure difference between bypass
and reactor lines, the higher the Al peak at the interface
[Fig. 4(a)]. This phenomenon has been described by
Thrush et al. and Sillmon et al. and it has been attributed
to: vent/run manifold pressure imbalance or gas line im-
pedance or mechanical valve fluctuation.?*26

(ii) The lower the Al composition, the lower the am-
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FIG. 4. Al and Ga AES depth profile spectra of 4 X GaAlAs/GaAs QWs
with 2, 4, 8, and 16 s growth time. (a) Al~12% and (b) Al~45%. The
Al bumps at the QW interface are due to the pressure imbalance between
bypass line and reactor cell. MO sources are TMG + TMA.

plitude fluctuation. Lower MO composition means lower
bubble flow rate. This effect should be due to the fact that
at very low bubble flow rate the bubble TMG partial pres-
sure is used to equalize the residual MO pressure of the
line. Note that the residual part of the pulse (Fig. 2) and
the Venturi effect at the TMG and dilution lines intersec-
tion contribute to the growth rate.

(iii) For thinner QW (2, 4, and 8 s growth time) AES
depth profiles show Al within the well. The 2 and 4 s QW
do not correspond to a whole pulse growth and they could
be grown with the residual part of the pulse. This means a
QW thinner than the predicted one. The pulse character of
the high MO source vapor pressure could also explain stri-
ations observed for the growth of GaAlAs.?" These stria-
tions represent lines of different compositions along the
growth direction as stated by transmission electron micros-
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FIG. 5. WTEM pictures of 4X AlGaAs/GaAs QWs heterostructures
grown using: (a) TMG + TMA sources, Al% ~45, (b) TEG + TMA
sources, Al% ~35. The four QWs growth time are 2, 4, 8, 16 s for both
cases.

copy described below.

Contrary to the growth using TMG, the AES depth
profile of samples grown using TEG + TMA sources, for
Al% between 12 and 35, shows the normal 2-3% fluctu-
ation, intrinsic to the AES technique.

C. WTEM characterization of the GaAlAs/GaAs
system

Figure 5 shows WTEM pictures of two MQW
GaAlAs/GaAs structures: (a) grown using TMG 4+ TMA
sources [the same sample as in Fig. (4b)] and (b) grown
using TEG + TMA (Al~35%). The QW growth times
are the same as for Fig. 4 for both structures. It can be
observed that the high degree of QW barrier fluctuation is
the case of the TMG source. WTEM spectra of the sample
grown using TEG and Al% between 18 and 35 show no
barrier fluctuation except at the interface when TMA is
turned back to the reactor cell, due to the reactor and
bypass lines pressure imbalance.

183 J. Appl. Phys., Vol. 71, No. 1, 1 January 1992

D. XRD characterization of the GainAs/InP system

The growth of GalnAs on InP substrates were per-
formed using the combination of TMI 4 TEG and TMI
+ TMG flow rates depicted in Table I. For the TMI
+ TEG case, high quality and purity crystals could be
obtained as observed by XRD, SEM, AES, PL, and elec-
trical characterization.?® The TMI source is solid and the
flow is considered as a continuum. By using H, = 75 sccm
through the TMI source one has ~2.5 A/s for the InP
growth rate and H,; = 90 sccm through the TEG source,
giving ~2.5 A/s for the GaAs growth rate. Both TMI
+TEG give ~5 A/s growth rate for the GalnAs
(In~53%) growth. According to the crystal quality, both
sources can be considered as a continuous flow. This can be
observed in Fig. 6(a) which shows the x-ray rocking curve
of a GaInAs/InP mismatched heterostructure grown using
TMI 4 TEG sources. The SEM picture of the same etched
GalnAs layer and substrate is also shown in this figure.?’

As to the TMI 4- TMG case, the ternary layers can be
matched only in average to the InP substrate. Figure 6(b)
shows the rocking curve of a GalnAs/InP mismatched
heterostructure. This figure also shows a SEM picture of
the same GalnAs layer and substrate, etched by the ferri-
cyanide technique.? The preferential defect etching rate
shows the high density of dislocations created during
growth. This result is obtained for a GalnAs growth rate
between 4 and 7 A/s. It is supposed that it is due to the low
flow rate used in the TMG bubbler, which corresponds to
a high growth rate per bubble. The average lattice mis-
match, obtained from the rocking curve [Fig. 6(b)], is
Aa/a ~ 2.5 X 1073 The measured half width of half
maximum (FWHM) of the layer RX rocking curve con-
tribution gives rise to an estimate gallium fluctuation of
AGa~6%. Note that included in the large FWHM are:
the effect of TMG source fluctuation, defects, and alloy
broadening. Smeets and Cox*® also found that the FWHM
in their XRD result for the TMI + TMG case is larger
than that for TMI + TEG. They proposed that this is due
to a small difference of pressure between run/vent lines in
growing GalnAs on InP. Here, it is proposed by an expla-
nation based on the pulse character of the TMG source
instead. In order to match ternary and quaternary layers
one can either use low vapor pressure MO sources, de-
picted in Table I or the adducts proposed by Moss.’!
Therefore the ethyl and adduct MO groups still have some
problems concerning source purity. Alternate solutions
like: needdle valves or capilarity, mixing chamber or sim-
ply discarding part of the MO by bubbling a high H, flow
rate, are proposed to overcome the pulsed MO
character.’®*23 One believes that one of the most satisfac-
tory solutions for APMOVPE is the use of the better purity
methyl MO group and the use of the diffuser system pro-
posed by Mircea et al. The diffuser solution uses hydrogen
flow rates of ~ 1000 sccm for TMI and ~ 100 sccm for
TMG without bubbling.*

E. Optical characterization

Figure 7 shows the PL spectra of the four AlGaAs/
GaAs QWs (TMG -+ TMA) presented in Fig. 4(a) at 77
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FIG. 6. XRD rocking curve of 004 GalnAs layers grown on InP substrate
using Cu k,; radiation: (a) MO sources are TEG + TMI. The layer and
substrate mismatch is A a/a ~ 5.4 X 10~ 3. The SEM picture shows the
same ferricyanide etched GalnAs/InP structure with relatively clean
cleavage plane. (b) MO sources are TMG + TML The FWHM of the
GalnAs layer corresponds to ~6% Ga composition fluctuation. The
layer and substrate average mismatch is A a/a ~ 2.5 X 1073 The SEM
picture shows the same ferricyanide etched GalnAs/InP structure with a
high density of defects.

and 2 K. At 2 K only peaks due to recombination of the
free exciton associated with the electron and the heavy-
hole first subbands (1 H) are observable. At 77 K it is also
observed that a small peak is related to the free exciton
involving the light-hole ground state (1 L). The disap-
pearence of the (1 L) emission at 2 K is due to the deple-
tion of the light-hole sub-band population. Since the (1
L)-(1 H) splitting decreases as the well thickness in-
creases, the (1 L) emission is clearly observable for thinner
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FIG. 7. PL spectra of the structure shown in Fig. 4(a) and grown using
TMG + TMA sources. The Al% is 12 and the four QWs growth time are
2, 4, 8, and 16 s. The linewitdths are between 3.3 and 5.9 meV (see Fig.
8). H and L correspond to e—heavy and light holes transitions, respec-
tively. )

wells but becomes unresolved for the wider ones.” ' The
calculated transition energies considering square wells
widths values, obtained by AES, agrees within a reasonable
error with the measured PL lines. The measured PL line-
widths (3.3-5.9 meV, see Fig. 8) are considered as an
indication of good quality samples, comparable to the best
MOVPE results. Samples grown by this technique usually
exhibit unresolved excitonic spectra, consisting of a single
peak with linewidth ranging from 4 to 10 meV.!1"1335-38 [
the case of MBE samples, the PL spectra of SQW struc-
tures consist of resolved free and bound exciton lines with
much narrow linewidths (as narrow as 0.15 meV).7“10

It should be pointed out that the PL linewidths shown
in Fig. 7 actually decrease from 2 to 77 K. This unusual
behavior is probably due to the recombination of both free

40}
T=77K
MG + TMA
30F o-Al =12 %
3 o-Al= 35%
E a-Al= 45%
=
%20-

lof
‘; ;3 é lb 12 14 16 18
GROWTH TIME ( Sec.)

ok

FIG. 8. PL linewidth (FWHM) vs QWs growth time for different Al
barriers composition for TMG + TMA sources. The GaAs QW growth
rate, extracted from thick layer, is 10 A/s. Note that the higher the Al%
the higher the FWHM value.
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and bound excitons at 2 K, which are not resolved in our
spectra, but contribute to broaden the low-energy side of
the 2 K lines. At 77 K it does not occur since the bound
excitons are already thermalized. Figure 8 shows PL line-
width as a function of the growth time. We observe that the
usual broadening as the QW thickness is decreased.’>® In
Fig. 8 is depicted a less explored aspect of the PL linewidth
and its dependence on the alloy composition of the barrier
layer. One observes that the PL linewidth increases with
the aluminum composition of the barrier layer, and that
this dependence is more remarkable for a thinner QW. The
usual PL linewidth analysis consists of comparing the mea-
sured values with the variation of the energy levels due to
well width flnctuations.!'™13%-3 Using this model, the
sample shown in Fig. 7 exhibits, however, linewidths
smaller than the calculated values, corresponding to 1
monolayer fluctuation.!"!* This simple model cannot ex-
plain either the better MBE resulis or the observed depen-
dence of the alloy composition in the barrier. One proposes
two possible effects to explain the observed PL linewidth
behavior, based on more accurate models developed by
Ogale et al®® and Welch er al.:® (1) the broadening is
related to the sub-band filling by high carrier concentration
and is originated from unintentional donors in the
barrier.** The donor concentration in MOVPE samples
(intrinsic n type) is probably higher than in MBE samples
{normally intrinsic p type), and increases with aluminum
composition as mentioned in Sec. II B; (ii) Ogale et al.*’
demonstrated that the PL linewidth increases with alumi-
num composition on the barrier layer and that this depen-
dence increases significantly for high composition fluctua-
tion of the barrier ternary compound. This is in agreement
with our conclusions that high vapor pressure MOVPE
samples exhibit a high fluctuation of ternary composition,
as compared to MBE samples and that the fluctuation in-
creases with the aluminum composition. PL measurements
at 2 K were performed on the sample grown using (TEG
-+ TMA sources), changing the power excitation from 0.1
to 2.0 W/cm? As can be observed in Fig. 9 the spectra
show significant contribution due to bound exciton transi-
tions (lower energy side of each peak). These PL peaks
correspond to 8 and 16 s growth time AlGaAs/GaAs QW,
for Al~18%. The broad bound exciton region observed in
Fig. 9 is probably due to more than one impurity level. The
intrinsic impurity level for this case is n ~ 1 x 10
cm~3, which is much higher than that for the sample
shown in Fig. 7 (n ~ 6 X 10" cm —3). It is then con-
cluded that: (i) QW linewidth broadening for Fig. 7 is due
mainly to the barrier Al fluctuation. For high Al% the
broadening can also be dominated by the higher intrinsic
doping level (TMG + TMA sources), (ii) the linewidth
broadening for Fig. 9 is dominated mainly by the high
intrinsic doping level (TEG + TMA sources).

V. CONCLUSIONS

The APMOVPE technique is used to grow GaAlAs/
GaAs and GalnAs/InP thin and thick layer heterostruc-
tures, using high TMG and low TEG vapor pressure MO
sources. AES, WTEM, XRD, and low temperature PL

185 J. Appl. Phys,, Vol. 71, Mo. 1, 1 January 1992

INTENSITY (arbitrary units)

1.50 151 152 153 154 155
Energy {eV)

P

1 1

FIG. 9. 2 K PL spectra showing the bound and free exciton regions
behavior with the excitation power for 8 and 16 s QWs growth time. The
growth was performed with TEG 4 TMA (Al~ 18%) sources. Note that
the 16 s QW is also broadened by the GaAs excitonic transitions.

spectroscopy were used to characterize these MOVPE het-
erostructures. AES, WTEM, and XRD techniques show a
high degree of ternary alloy composition fluctuation. PL
technique shows that even having composition fluctuation,
one can obtain high quality QW samples with low Al con-
tent. It is proposed that the ternary composition fluctua-
tion is due to the pulse character of the MO molecules
transported to the reaction chamber and that the nonuni-
formity is an intrinsic consequence of the bubbler method
for extracting the MO from their cylinders. The pulse char-
acter was confirmed by bubbling simulations which gives
tens of A growth rate per pulse for high vapor pressure
TMG source and few A growth rate per pulse for low
vapor pressure TEG source. The pulse MO growth char-
acter can provide explanations for some nonexplained
problems: nonlinearity between layer thickness and growth
time observed for thin layers and layers striations along the
growth direction. Finally the solutions reported in the lit-
erature to overcome the high vapor pressure MO source
pulse character are discussed.
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