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Magnetotransport measurements are reported fpsBg, 4,AS layers grown by molecular beam
epitaxy(MBE) at different substrate temperatur@§) and eithers- or slab-doped with Si. Multiple
subband densities deduced from the Fourier analysis of 1.2 K Shubnikov—de Haas measurements
are compared with those derived from self-consistent calculations which include nonparabolicity
and the doping profile widtvg; as a fitting parameter. Significant spreading of the Si donors away
from the doping plane is deduced for depositiorTgt=520 °C, while no measurable migration is
inferred for T;<470 °C, leading to near-ideafdoping behavior. Contrary to previous results
[McElhinneyet al,, J. Cryst. Growth150, 266 (1995], no evidence for amphoteric behavior has
been found for Si areal densities up t<40> cm 2. © 1996 American Institute of Physics.
[S0003-695(196)00707-0

Atomic plane oré-doping of llI-V semiconductors with  effective electron mass and higher dielectric constant, and in
Si during molecular beam epitaxidBE) growth is used in  consequence nonparaboli¢fynust be included to improve
the fabrication of nonalloyed Ohmic contaétin sdoped the accuracy of the analysis.
Schottky-gate field effect transistor§ET9,%> and lattice The InGaAs layers illustrated in Fig. 1 were grown at 1.0
matched and pseudomorphic high electron mobility transisum/h on Fe—InPL00 substrates in Varian MBE systems
tors (HEMTs)>* for fast electronic devices. Many studies of (designated machines “A” and “B}, both fitted with Varian
Si &-doping in GaAs and AlGaAs have been repo?fédbut arsenic crackers. The structures were designed to allow a
data for InGaA&® and InAlAs is more limited despite the distinction between dopant spreading caused by diffusion
importance of these ternaries for ultrahigh frequency and@nd by surface segregation. A constant, Alux of
ultra-low-noise devices based on InP. ~1.9x 10" molecules cm?s ! was used, corresponding to

In this letter, a study of the spreading of Sidnand thin ~ ~6 times the minimum required to grow GaAs at a rate of 1
slab-doped Igs4Ga4As grown lattice matched on InP by #m/h and a temperature of 580 °C with(2x4)(100) As-
MBE at different substrate temperaturds) is reported, ex- Stable surface. The Ga and In fluxes were calibrated by
tending earlier workwhich described the first application of RHEED intensity oscillations and the substrate temperature

Shubnikov—de Haas measurements and self-consistent cald{{aS estimated with an optical pyrometer. Three distinct
lations to this material system. The growth conditions for"GaA4100 surface reconstructions were observed along

near-ideals-doping and for the controlled incorporation of Si Elt]izgtllcaﬂmzums f?r T?O fggiui S%Soegc;: a %XS)Z fzr
donors distributed uniformly in thin slabs of predetermined_ s » 8(2x3) for s and a2x4)

thickness are established. The free-electron concentratior#gr Ts=500°C. These helped to set the .grovvth gondltlons
n. in the occupied subbands=€0,1,2...) of theconfinement rom run-to-run since the pyrometer reading was influenced

potential associated with the positively charged Si donors argy radiation from the group lll furnaces. The InGaAs surface

deduced from a Fourier analysis of Shubnikov—de HaaWas exposed to the Adlux for the deposition of the Sb-

measurements. Since the relative occupancies of the Iow?ayers and during the growth interrupts of 300 s required to
) . . fower and raiser s. The Si furnace was calibrated with both
energy subbands are sensitive to the width of the donor pr

Yow magnetic field Hall and high magnetic field

] 10,11 C it :

file, Wi, the Si d|st_r|but|on can be estimated from a Shubnikov—de Haas effect measurements of the free electron
comparison of the experimental valuesnpfand the subband density in uniformly doped GaAs andJg:Ga, 4As layers.

ratio ni=0,/ni=1 with thf?se d.etern?med.from a sequence %" The Si cell temperature was set to give an areal Si density of
self-consistent calculations in whiahg; is used as a fitting 3x10% cm~2 through 20 monolayersML) of InGaAs

parameter. The multi-subband charactesoénd slab-doped — o.6\yn at 14m/h. The same Si furnace temperature was then
InGaAs is more pronounced than in GaAs due to its smalle{iseq forsdoping with the growth interrupt time adjusted to
give the required sheet Si density. Qun thick undoped
INow with Pirelli Cavi SpA., Viale Sarca 222, Milano, Italy. InGaAs buffer and cap layers grown at=500-520 °C
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FIG. 1. Schematic diagrams to show the structures and temperature profiltgu” W'th at 1/e maximum |nd|cat|ng significant spreading
of MBE grown In, s4Gay 4As & and slab-doped with Si. of the Si donors away from the doping plane. The data show
that a reduction ifT from 505 to 420 °QB618) appears to
suppress the Si spreading to create a narrow doping profile.
were common to all the structures except sample A9Skqte, that this is achieved by keeping the substrate tempera-
which was grown entirely at 460 °C. ture at 420 °C during thé-layer deposition and the growth
Shubnikov—-de Haas measurements were performed & 20 ML of undoped material only. The profile thus appears
1.2 K'in the dark using a 13 T superconducting magnet o, pe unaffected by the subsequent growth of the @%
Hall bars with a 3:1 length to width ratio. The magnetoresiSthick cap layer at 520°C [Fig. 1(d)]. For the
tance data were numerically differentiated, expressed in regx 1012 cm ~25layer grown at 520 °C[B535, Fig. 1a)],
ciprocal magnetic field and then frequency analyzed by fasfheory and experiment agree fors;=36 ML (UD) and 32
Fourier transforn(FFT) techniques. The peaks at frequency \ji_ (GD), pointing once again to significant spreading of the
v in a FFT spectrum are related to the subband densitieg;j donors away from the original doping plane. No migration
n;, assuming unresolved spin splitting, by the expressiof the Sj donors is inferred from the data for the
n;=2ev; /h whereeis the electronic charge ads Planck’s = 4x10'2 ¢m=2 slayer grown at 470 °dB610, Fig. 1b)],
constant. The total carrier concentratioqis the sum of the  showing that a decrease T, from 520 °C of only 50 °C is
individual electron concentratioms of all the observed sub-  gyfficient to eliminate spreading. As with sample B618, the
bands,ns=ZX;n;. near-ideal dopant confinement is achieved despite the growth
The amplitude spectra for twé-doped samples with ar- of the 0.5um undoped cap layer at 520 °C, providing indi-
eal Si densities of 210" cm™2 grown at 420 °C(B618)  rect evidence that surface segregation is the principal mecha-
and 505 °C(B602 are shown in Fig. 2. The higher fre- nism contributing to the redistribution of Si for
quency of the =0 peak for B618 represents a larger electronT =470 °C. Self-consistent calculations predict a Fermi en-
concentratiomng in its lowest occupied subband comparedergy 190 meV above thE-conduction band minimum for an
with the value ofny for B602. The resultant reductions in greal density of %102 cm~2 active Si donors confined to 2
n; (i=1) for B618 are reflected in a shift to lower frequen- ML. This is well below thel-conduction band minimum
cies of thei=1 peaks and an increase in the subband ratige, —E =550 me\j, making the three-band model a reason-
Ni—o/nj—1; compared with the corresponding values forable approximation.
B602. The experimental values of and n;_y/n;_, for The absence of dopant spreading at low growth tempera-
InGaAs samples both and slab-doped with Si are shown in tures can be verified by comparing the experimental and
Table I, and compared with those calculated self-consistentlyheoretical values ofi; andn;_,/n;—; for samples in which
assuming either a uniforrfUD) or a GaussiafiGD) dopant  the Si dopant atoms are deliberately deposited within a thin
distribution. Nonparabolicity has been included in the calcuslab of known thickness, and whensg for the self-
lations within the limitations of the three-band Kane consistent calculations is then set to the physical thickness of
model? The relative occupancies of the lower energy sub-+the slab. Two samplgA951, Fig. Xe) and A952, Fig. 1f)
bands are sensitive to the width of the doping profile aswith buffer and cap layers grown at 460 and 520 °C respec-
reported for GaAs>-doped with St The total carrier con- tively], were doped with 10*2 ¢cm ~2 Si atoms distributed
centrations predicted from theory include small contributionghrough 20 ML of InGaAs grown at 460 °C. The agreement
from the highest subbands-1%) which are not detected by between experiment and theory for both layers with
the Shubnikov—de Haas measurements. For #Hayer wg=20 ML (see Table)lis excellent suggesting that at this
grown at 505 °QB602) the best-fit between theory and ex- overall doping density a deposition temperature of 460 °C is
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TABLE I. Growth conditions, Shubnikov—de Haas data and self-consistent calculations famd slab-doped jy{Gag4As grown by MBE.n; (i
=0,1,2,3...) are theelectron densities in the subbands expression in units k> cm % n=3;n; ; the subband ratio;_,/n;_; indicates the degree of
confinement of the Si atoms. UD refers to the widltl used in the self-consistent calculations when the Si atoms are assumed to have a uniform density

distribution; GD refers to the full width at &/ maximum for a Gaussian profile.

Deposition Subband densitiess 1012 cm™2 Subband
Sample temperaturg°C) ratio
No. Reconstruction No ng Ny N3 Ny Ns Ns Ni—o/Ni—1
B602 505 Experiment 1.17 0.55 0.25 0.09 2.06 2.127
(2x4) 45 ML (UD) 1.191 0.561 0.234 0.090 0.024 2.100 2.124
40 ML (GD) 1.185 0.560 0.240 0.090 0.024 2.100 2.114
B618 420 Experiment 1.35 0.51 0.22 0.07 2.15 2.647
(1%x3) 2 ML (UD) 1.365 0.509 0.229 0.077 0.021 2.200 2.681
2 ML (GD) 1.362 0.514 0.224 0.078 0.021 2.200 2.651
B535 520 Experiment 2.17 1.10 0.53 0.25 0.09 4.14 1.973
(2x4) 36 ML (UD) 2.202 1.120 0.513 0.228 0.083 0.023 4.170 1.966
32 ML (GD) 2.189 1.114 0.526 0.231 0.086 0.023 4.170 1.965
B610 470 Experiment 2.49 1.02 0.49 0.20 0.07 4.27 2.441
(1X3) 2 ML (UD) 2.500 1.018 0.491 0.199 0.075 0.017 4.300 2.459
2 ML (GD) 2.496 1.021 0.490 0.200 0.075 0.018 4.300 2.444
A951 460 Experiment 1.71 0.72 0.31 0.12 2.86 2.375
(1%x3) 20 ML (UD) 1.701 0.713 0.319 0.123 0.038 0.005 2.900 2.385
25 ML (UD) 1.675 0.730 0.323 0.127 0.040 0.006 2.900 2.295
A952 460 Experiment 1.77 0.75 0.33 0.11 2.96 2.360
(1x3) 20 ML (UD) 1.755 0.738 0.333 0.130 0.041 0.006 3.000 2.386
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