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In this work, we study the growth of strained ,®g_,As alloys on InP by gas source
molecular-beam epitaxy in the 350—500 °C range. At low temperatures, we show that the As-rich
(2% 3) surface reconstruction promotes three-dimensional growth mode whereas the less As-rich
(2% 4) and cation-rich ones allow keeping two-dimensional growth. For heterostructures with a
lattice-matched InAlAs barrier and a strained }86a, »5As channel, grown at 500 °C, the electron
mobility rises to 16 000 and 139 000 é#V s at 300 and 77 K, respectively, for a 140-A-
thick channel layer and a 400-A-thick spacer layer. Both values are among the best ones ever
reported for an InGaAs/InAlAs heterostructure. @005 American Institute of Physics

[DOI: 10.1063/1.1858871

I. INTRODUCTION below a 7-nm-thick InAs one, although this latter thickness

is around twice the critical one for the growth of InAs on InP.

High-speed microelectronics such as high electron mounfortunately, the authors did not report any low-
bility transistors(HEMTs) or ballistic devices require low temperature mobility value. Finally, Ramvadt al** mea-

electron mass/high-mobility active layers. Among -V sured a low-temperature mobility value at 170 000 and
semiconductors, high In contey,) In,Ga -,As alloys have 520 000 crd/V s at 77 K and 300 mK, respectively, for,

long been recognized as materials of intefésthis implies  =0.75. In this case, the barrier material is no longer the
either the pseudomorphic growth on InP substrates or thgitice-matched InAlAs alloy but InP.

metamorphic one on GaAs or InP substrates. We focus here |n this context, the first goal of this work is to determine

on the first approach. Previous work in this field studied theo what extent a decrease of the surface kinetics via a low-
detailed mechanisms of the pseudomorphic growth or reering of the growth temperature can allow to further increase
ported transport results on specific heterostructures. As req, while avoiding strain relaxation of the active layer. Pre-
gards the strained growth, the two strain relaxation mechayious attempts have been restricted to growth temperatures
nisms have been identified with their corresponding criticalaround 450 °C; we want to go further. The second objective
thickness. Under As-stabilized conditions and for a growthof this work is to study the effect of the structure parameters
temperature around 500 °C, plastic relaxation occurs via dissych as the channel and the spacer thicknesses and the 2D

location nucleation fox, below 0.75-0.8. On the contrary, electron gas concentration on the transport properties, espe-
elastic relaxation characterized by a two-dimensi¢@B) to  cjally the electron mobility.

a three-dimensiondBD) growth mode transition is detected

for x,, above 0.88 The effects of growth kinetics were also

evidenced. A reduction of the growth temperature allows an

increase of the critical thickness for a gives, while a

change in surface reconstruction can induce a change in the EXPERIMENT

relaxation mechanisthFrom these previous studies, there is

a general agreement to consider that the highgstvhich Epitaxial layers are grown by gas source molecular-
allows the growth of a good quality pseudomorphic channelpeam epitaxyGSMBE) using cracked Asklin a Riber MBE
typically 10—15 nm thick, lies around 0.75. This is con- 32 system. Growth rates in the 0.5—1 monolait )s range
firmed by the electron mobility results obtained faf,  and layer composition are determined by reflection high-
around 0.75°* For InAlAs/InGa,_,As heterostructures, energy electron diffractiofRHEED) intensity oscillations.
Tacano and co-workefs™ have reported electron mobility Strained InGaAs layers are grown on a 300-nm-thick lattice-
values of 16 000, 112 000, and 160 000°¢Ws at 300, 77, matched InAlAs buffer on InP grown at 510 °C under As-
and 10 K, respectively, fox,,=0.8. For a slightly lowex,,  rich conditions(2 X 1 reconstruction The substrate tempera-
of 0.75, Drouot et al** got 12000, 110000, and tyre is then lowered down to the desired growth temperature
170000 cri/V's at 300, 77, and 4 K, respectively. The of the InGaAs layer under an As flux. The onset of 3D
300 K electron mobility obtained by Nakayama andgrowth or surface roughening is detected by recording the
Miyamoto™® reached 18500 ctiV's using a composite intensity of a 3D diffraction spot. After growth, the samples
channel made of a 13-nm-thick lattice-matched InGaAs layepre characterizedek sitd by Hall-effect measurements at
300 and 77 K, atomic force microscopgFM), and photo-
dElectronic mail: xavier.wallart@iemn.univ-lillel.fr luminescencé&PL).
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FIG. 1. AFM image of the 3000-A-thick InAlAs buffer layer. FIG. 2. Critical thickness for the onset of 3D growth mdtg;) or surface

roughening(h,) vs the In content of the strained InGaAs layer at different
growth temperatures and for two surface reconstructions.hithevalue at

lll. RESULTS AND DISCUSSION 500 °C, taken from Ref. 9, is added for comparison.

We first discuss RHEED and AFM observations during
the growth of a strained InGaAs layer at various temperathickness. It suggests that surface roughening favors dislo-
tures before considering the Hall-effect measurements of@tion nucleation at surface defects. In the same way, Beiro
heterostructures. al.” have noted a surface rippling with ripples along flie
—10] direction preceding plastic strain accommodation along
the[1-10] one. Hence surface roughening could be consid-
ered as a precursor state amdas a lower limit for plastic

We investigate arx,, range between 0.8 and 0.9 and relaxation. Figure 2 summarizes our results together with the
mainly focus on the effect of the lowering of the growth value forhsp at 500 °C and,,=0.82 obtained by Gendrst
temperature, here chosen between 350 and 450 °C. Theat®® for comparison. We note that at 350 °C, the onset of
temperatures are lower than the usual one of 500 °C in orde8D growth is always detected whereas at 400 °C, the growth
to kinetically prevent the film relaxation as far as possible keeps its 2D character. At 450 °C, 3D growth is only ob-
Indeed, previous worRS have clearly established that served for the highest In content.
around 500 °C, the critical thickness fay, above 0.8 is AFM observations for thickness ranging from
significantly less than 100—150 A which is the typical thick- 200 to 500 A confirm these RHEED findings, as illustrated
ness of the active layer of a heterostructure. However, sincie Fig. 3. At 350 °C, the formation of dots on the surface is
the strained InGaAs layers are grown on a lattice-matchedlearly visible [Fig. 3(a@)] whereas at 400 °C, the cross-
InAlAs buffer, it is worth looking first at the buffer surface hatched surface morphology, characteristic of plastic relax-
morphology. Figure 1 shows an AFM image of a ation, is observedFig. 3(b)] At 450 °C, the AFM images
3000-A-thick InAlAs buffer. The surface is very flat and stress the transition in the relaxation mode deduced from the
atomic steps are clearly resolved, separated by 500—10®HEED patterns. Indeed, fog,=0.8, the surface morphol-
-A wide terraces. We conclude that this is a good startingpgy is still 2D [Fig. 3(c)] whereas forx,,=0.9, 3D growth
surface for the growth of the strained layers and that theccurs[Fig. 3(d)].
relaxation processes further observed are uniquely related to A striking point in Fig. 2 is that theé;p thickness at
strain in the InGaAs layers. 350 °C is lower than théy, one at 400 °C, which is not

In a first set of experiments, we choose a 1 SC@d-  expected from the reduction of surface kinetics induced by a
notes cubic centimeter per minute at 33H; flow rate at  growth temperature lowering. However, at 350 °C, the sur-
350 and 400 °C and a 1.5 SCCM one at 450 °C. In ourface reconstruction is different from that at 400 °C and this
experimental conditions, 0.6 SCCM corresponds approxieould be the reason for this behavior. We then perform a
mately to a 1 monolayer/s As impinging flux on the surface.complementary set of experiments at 350 °C %p=0.85
The corresponding RHEED pattern exhibits either @&  with decreased Askiflow rates in order to tune the surface
reconstruction at 350 °C or ax24 one at 400 and 450 °C at reconstruction. We start with the above As-righx 3) one,
the beginning of the growth of the InGaAs strained layer.go then to the less As rict2 X 4), and end finally with the
Then this pattern progressively weakens and the 3D spatation rich (4X 2). For the two latter reconstructions, the
intensity presents either a sharp increase, corresponding #D-3D transition is no longer detected in contrast to the 2
the 2D to 3D growth mode transition, or a slow increase,X 3 case. These resulf§able | and Fig. #evidence the role
corresponding to the surface roughening, the 2D growth besf the surface reconstruction on the strain relaxation mecha-
ing preserved. We then define two types of thicknésgs:in nism. Clearly, an As-rich reconstruction favors the onset of
the former case anl, in the latter oneH;p is related to the 3D growth even at 350 °C which is a low growth tempera-
usual critical thickness for the onset of elastic relaxationture. On the contrary, in less As-rich conditions, 2D growth
Gendryet al® have observed surface roughening before plasmode is preserved and the critical thickness before the onset
tic relaxation that they have detected by RHEED streak spamf surface roughening is delayed. This is related to the sur-
ing variations. More, they have shown that surface steps prdace energy which is lower for an As-rich surface than for a
mote dislocation nucleation and reduce the criticalcation-rich one. Hence, on As-rich surfaces, strain relaxation

A. RHEED and AFM observations
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TABLE |. Variations of hsp and h, versus growth conditions aT
=350 °C (0.6 SCCM AsH corresponds approximately to an As flux of

1 ML/s).
AsH, Surface hsp h,
(sccm reconstruction A) A)
1 2X3 50 s
0.6 2x 4 . 90
0.4 4X 2 e 135

—— struction favors 3D growth and hence th& 2 one must be
2000 : preferred. However, even in this cadg, is not larger at
350 °C than at 400 °C although the surface kinetics is re-
duced. We attribute this to short-range roughening associated
with insufficient surface diffusion of impinging atoms at
350 °C. In other words, the growth temperature lowering
which is expected to delay strain relaxation reaches the limit
for which it impedes surface diffusion and hence induces
surface roughening. Then, depending on the surface recon-
0 | 0.0 nm struction, this surface roughening is a precursor state either

10.0 nm

—3000-

X[nm]

T 17T 7 17T 7T 17T 77 T Comm l'l'l'le'
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Xom] Xnm]

FIG. 3. AFM images of strained JGa_,As layers withx,,=0.8 grown at
350 °C(a), 400 °C(b), and 450 °C(c) andx,,=0.9 at 450 °Qd). The film
thickness is 260 Aa), 370 A (b), 500 A (c), and 200 A(d).

Y[pm]

via 3D growth mode transition is favored since the energy
needed to create the related specific surface is low. This be-
havior has already been observed by Gereiral? during

the growth of I g/Ga, 16AS at 525 °C on InP.

When used as an active layer of a heterostructure, the
strained InGaAs channel thickness should be in the
100-150-A range, i.e., the associated critical thickness
should be higher than 150 A In “ght o.f t.he above results, itFIG. 4. AFM images of strained }Ga,_,As layers withx,,=0.85 at 350 °C
turns out that the In content must be limited below 0.85. ASgyhibiting a 2x 3 reconstructior(a), a 2x 4 one(b), and a 4<2 one(c).
regards the substrate temperature, at 350 °C, thé@ Becon-  The film thickness is 120 Aa), 340 A (b), and 440 A(c).
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4.0 nm TABLE Il. Electron mobility results for structures grown g§ ranging from
400 to 500 °C with 0.8 x,,<0.85.

Channel w(cm?/Vs)  u(cm?/Vs)

_ Sample thickness(A) at 300 K at 77 K

g

= T,=400 °Ck},=0.85 100 10 700 27 900
Ty=450 °Ck,=0.82 100 10 700 32 700
Tg=450 °Ck,=0.80 120 13 900 59 900
Tg=500 °Ck,=0.80 120 15 000 81900

0.0 nm

suggests that plastic relaxation starts quite rapidly after sur-
_ _ face roughening which agrees well with the results of Peiro
FIG. 5. AFM image of a 120-A-thick lyeGay 14AS layer grown at 450 °C. et aI.8
for 3D growth (2X 3 case or dislocation nucleation and
plastic relaxation2x 4 and 4xX 2 cases Hence in the fol-
lowing, we do not consider anymore the 350 °C growth but ~ We then complete the above analysis with Hall-effect
focus only on the 400 and 450 °C growth temperatures. measurements on heterostructures. Figure 6 shows the typi-
For T4=400 and 450 °C ana, around 0.85, RHEED cal layer sequence. In the first set, we grow 100-A-thick
observations only provide the thickness for surface roughernchannel heterostructures with,=0.85 at 400 °C and,
ing. As discussed above, this is not directly a measuremert0.82 at 450 °C. According to the above results,
of the onset of plastic relaxation. Then, considering that wel20-A-thick strained layers have begun to relax. It is then
are interested in 100—150-A-thick active layers, we performinteresting to know how this early stage of relaxation affects
complementary AFM measurements on four strained layerghe electron mobility. In both cases, the spacer thickness is
120 A thick. Two of them are grown at 400 °C, wit, 400 A and the delta-doping plane value is<20' cm2,
=0.88 and 0.85, the two others are grown at 450 °C withThe Hall mobility results are displayed in Table(first two
X,=0.85 and 0.82. For these four samples, the AFM image#nes). The electron mobility is lower than expected in both
are quite similar and look like that in Fig. 5. The surfacecases. In the second set, we then reduce the In content to 0.8
morphology is rather flat but characterized by the appearancand perform the channel growth at 450 and 500 °C which is
of line defects, not observed on the buffer layer surfsee  the usual growth temperature for such structures. The results
Fig. 1), related to the beginning of strain relaxation. Henceare displayed in Table I{lines 3 and 4 and show that the
the onset of plastic relaxation appears below 120 A in thes800 °C growth temperature is the best one. The measured
cases. This in turn implies that the critical thickness for plasimobility value for x,,=0.8 andTyg=500 °C is the best of
tic relaxation has been overestimated by the aldpwdeter- ~ Table Il although decreasing, is expected to induce a mo-
mination. Nevertheless, it does not imply that plastic relax-bility decrease, which is not the case here. This confirms that
ation occurs before surface roughening but that this lattethe relaxation observed for layers wit),=0.82 and 0.85
begins for thickness below those we have detected in Fig. ZFig. 9 is sufficient to affect significantly the electron mo-
This is probably due to the experimental uncertainty in thebility. As regards the growth temperature, the unavoidable
determination ofh, since as previously mentioned, the 3D growth interruption needed to lower the channel growth tem-

spot intensity increase in this case is smooth. Anyway, thigerature seems to be detrimental for the transport properties.
We then concentrate on heterostructures grown at

500 °C with two more samples with,,=0.75 and 0.77. The

B. Heterostructures: Material parameters

LM InGaAs cap layer 6 10"Silcm® 70A results are displayed in Fig. 7. Tk =0.8 sample is clearly
worse than the two others both at 77 and 300 K. Together
LM inAlAs Schottky layer 150A with the 10-K PL measurements in Fig. 8, this shows that the
Si delta-doping plane N;
L A
LM InAlAs spacer 100000 0 e
R e A
e 3| AW
£ A--TTK
L
LM InAlAs buffer layer 3000A 2
o
[<]
x
// % T oTs o7 o of  omo

In content
FIG. 6. Typical vertical structure used for Hall-effect measureménits
indicates that the corresponding layer is lattice matched th Mphas been  FIG. 7. Electron mobility for 120-A-thick channel heterostructures grown at
varied from 6x 10! to 4.5X 10'2 cm™2. 500 °C for various In content at 300 and 77 K.
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FIG. 8. 10-K photoluminescence spectra recorded on 120-A-thick channel g 100000 ‘,"‘
heterostructures grown at 500 °C. NE i ——
F " ®)
channel layer plastic relaxation has already occurred. Indeed, §
the PL intensity of thet,=0.80 sample is lower than that in E
the two other ones, demonstrating a high dislocation density ;- g
in the channel. On the contrary, the total integrated intensity ‘0000
is quite similar forx,,=0.75 and 0.77 although the PL peak is 50 100 150 200 250 300 350 400 450 %60
broader in the latter case. This broadening could be related to spacer thickness (A)
the surface roughening occurring fay,=0.77. This only . —— e = B
slightly degrades the electron mobility. The effective mass 10000 .- *
decrease when going froky),=0.75 tox;,=0.77 compensates g
this effect in such a way that the electron mobility is similar "‘5 J—
in both cases. This picture at a fixed thickness for increasing T -1k (©)
In content is complementary to that obtained at a fixed In g
content and increasing thickness. In both cases, starting with 5
almost ideal pseudomorphic growth, when increasing either o
the In content or the thickness, the sample surface first 10000 4y - . .
. . . . 100 120 140 160
roughens before dislocations nucleate and plastic relaxation Channel @)
takes place.

FIG. 9. Electron mobility at 300 and 77 K vs sheet carrier den&iy
spacer thicknesg¢b), and channel thicknesis), for heterostructures with

C. Heterostructures: Effect of structure parameters 75% In content channel.

The above results on heterostructures indicate that the
best electron mobility is achieved far,=0.75 and a growth 77 K, respectively. These values lead to a very interesting
temperature of 500 °C. Within these growth conditions, weNsXu product which is the relevant quantity for most device
have then tested the effect of three structure parameters, i.@pplications.
the 2D electron gas densitil,), the spacer, and the channel ~ Figure 9b) show the increase of the mobility with the
thickness, on the electron mobility. spacer thickness. These results are measured on structures

The variations of the electron mobility with the sheet with 120-A-thick channel layer for which the sheet carrier
carrier density(Ny) are reported in Fig. @). We use struc- density is above & 10'* cm™. The observed evolution is
tures with a 120-A-thick channel and a variable Si delta-expected since the interaction of the 2D gas electrons with
doping plane from & 10™ to 4.5x 10'2 cm™2. For the three the remote ionized impurities decreases with the spacer
lowestN, values, we use a 400-A-thick spacer layer whereaghickness. However, above 200 A, the mobility saturates, in-
for the highest value, the spacer is 200 A thick. We observelicating that scattering by the ionized donor is not the limit-
an increase of the electron mobility towards a sheet carriging factor anymore. Indeed, at 77 K, once again, alloy scat-
density of 8< 10 cm? although the interaction between tering has to be considered as the preponderant limiting
ionized impurities and the electron gas increases with largefactor for the mobility.
delta-doping planes. This is attributed to many-body effects  The variations of the mobility with the channel thickness
in the 2D electron gas which result in a screening of theare depicted in Fig. @) for heterostructures with a
various scattering mechanisms. This screening is more effdé00-A-thick spacer layer and 2102 cmi2 Si delta-doping
cient at relatively large densities. Abovex@0' cm™, the  plane. The mobility improvement observed towards 140 A is
observed saturation can be due to alloy scattering whiclklue to a reduction of interface scattering with increasing
tends to be the dominant limiting factor of the mobility thickness. Above 140 A, the mobility does not increase any-
and/or to the reduced spacer thickness used for the highhest more: this can be attributed to saturation of the previous
value. Nevertheless, witlNg=1.65x 102 cm™, we get an mechanism as well as to surface roughening and/or the very
electron mobility of 15 700 and 129 000 éAV s at 300 and  beginning of plastic relaxation. Under these conditions, the
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best mobility values we get are 16 000 and 139 008/6fis  structure. These values are among the best reported for the
at 300 and 77 K with a correspondings value of 8.5 InGaAs/InAlAs system. If théNgxu product is the most rel-

X 10 cm2. To our knowledge, these values are among theevant quantity, we show that a 200-A-thick spacer layer to-
best ones ever reported for AlinAs/GalnAs heterostructuregether with a 4.5 10*? cmi? Si delta-doping plane allow to
grown by MBE. Nakayama and Miyamdtthave reported a  significantly increasés (1.65x 102 cmi2) while keeping a
higher room-temperature mobility of 18 500 &% s with a  high electron mobility.

rather highNg of 3.1x 10*? cmi™? but no 77 K results. Ram-
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