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A detailed study is reported of Si spreading in slab- arabped I 54G& 4,As grown lattice matched to InP
substrates by molecular beam epitaxy at temperatures4d20 to~520 °C and doping concentrations from
2x10% to 1.5x 10" cm 2. The spreading is deduced by comparing the individual subband densities calcu-
lated from a fast Fourier transform analysis of Shubnikov—de Haas measurements with those derived from
self-consistent calculations for which the doping profile width is used as a fitting parameter. The growth
conditions for the epitaxial layers were designed to differentiate between surface segregation and thermal
diffusion of the dopant atoms. Surface segregation is found to be the dominant mechanism causing Si spread-
ing at growth temperatures higher tha170 °C. An ideals-doping profile in IR 54Ga 47/AS requires only the
growth of a thin cap layer of undoped material at temperatures less<tdag °C over the5 doping. Holding
the substrate temperature at values up=to20 °C duringé doping or the subsequent deposition of material
over the cap does not produce any spreading. The three-band Kane model is found to provide an adequate
description of the electronic properties of narrow Si doping profiles with carrier concentrations as high as
1.5x10%cm 2 and Fermi energies close to 550 meV, the separation betwed taed L-conduction band
minima in Iy 54Ga 47/AS. The free electron concentrations from low magnetic field Hall measurements are
consistently less than the sums of the individual subband densities derived from the Shubnikov—de Haas effect.
In addition, for the same total Si doping density, the apparent electron concentration from Hall measurements
is lower when the Si dopants are more confined compared with the case where the dopants are significantly
spread. These apparent discrepancies are shown to follow from the different subband mobilities expected in
these structures. From the data a direct measure of the standard deviation of carrier mobilities over subbands
for a given structure is obtainefiS0163-182¢09)04515-4

[. INTRODUCTION analytical methods, capacitance-volta@®/) profiling® and
secondary ion mass spectroscaiBtMS).° A disadvantage
6 doping is a technique employed in the epitaxial growthof both CV and SIMS profiling is that neither can provide
of semiconductors to achieve confinement of the dopant ainformation on the pronounced two-dimensional electronic
oms to a single crystal plane of the host latfiédn the case  properties of theS-doped region, only the total free charge or
of the IlI-V materials, growth is suspended by interruptingimpurity density profile, respectively. The electronic sub-
the supply of group Il atoms while the flux of the group V band structure can be calculated self-consistently by solving
molecules is maintained on the surface. The required are#iie one-dimensional Schiimger and Poisson equations.
density of dopant atoms is deposited and then growth is reFhese calculations, performed for either a uniform or a
sumed by reintroducing the group Il atoms without the in-Gaussian distribution of Si donors in GaAs, show that the
cident dopants. Careful control of the growth conditions isrelative occupancies of the individual sub-bands are very
usually necessary during doping and when growth is re- sensitive to the widthvg; of the doping profilé®~*?Since the
sumed, to prevent the migration of the dopants away fronindividual sub-band densitiem; (i=0,1,2,3...) of a
the crystal plane on which they were depositetiThermal  -doped sample can be determined with Shubnikov—de Haas
diffusion would cause Si donors to migrate from the original(SdH measurements and analysis of the SdH data by fast
doping plane both towards the substrate and in the growtRourier transform(FFT) techniques, spreading can be as-
direction to form a symmetrical doping profile. For surfacesessed indirectly by comparing the experimental valuesg of
segregation only, an asymmetric doping profile resultingwith those calculated self-consistently usiwg; as a fitting
from preferential Si migration in the growth direction is ex- parameter.
pected. In early studies based on this technique, the two-
Dopant distributions can be measured by two principaldimensional properties of Si-doped I 55Ga 4/AS grown
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on InP by molecular beam epitaxf¥BE) (Ref. 13 and lattice matched InGaAs layers. For ti#edoped layers the
metal-organic chemical vapor depositigMOCVD) (Ref.  same Si effusion cell temperature was used with the doping
14) were demonstrated. Later studesombined SdH with  time during growth interrupt adjusted to provide the required
self-consistent calculationSCC’9 to infer that significant  Si sheet density.

spreading of the Si donors away from the intended doping
plane occurs in all Sis-doped layers with nominal areal
densities up to % 10'2cm™2 when grown entirely at a sub- _ _
strate temperaturd ~520°C. In contrast, a near ideal Shubnlkov—dg Haas measurements were performed in the
s-doping profile can be created when théayer is deposited  dark at 1.2 K using a 13 T superconducting magnet or at 4.2
at T,~470°C and covered by 20 monolayefdL) of un- K_usmg ab0T puls.ed magnetic field s'ysté?rl.-la_ll ba_rs
doped material at the same substrate temperature, despite #§h 3:1 length to width ratio were fabricated with either
subsequent growth of a 0.&m thick InysGa4AS cap electro_n beam or optlcal I|thography._ The_SdH data were
layer atT,~520 °C. This suggests that the most likely Causer_numerlcally differentiated, expressed in rgmprocal magnetic
of Si spreading is surface segregation and that diffusion duri€ld and frequency analyzed by fast Fourier transform tech-
ing growth atT,~520°C is negligible. A vital aspect of our Niques. The electron sub-band densite$i =0,1,2,3. . .)
initial work on Si-doped lps{Gay 4As was to verify that &€ related to the frequencies of. the SdH oscnlatpns by
when SdH measurements and SCC are combined the relatif@e expressiom;=2ev;/h assuming unresolved spin split-
occupancies and therefore the spreading of Si deposited #'9: Wheree s the electronic charge arfdis Planck’s con-

thin slabs with a predetermined thickness can be accurateffant. The total free electron density is the sum of the
predicted. The agreement between the SdH and SCC resuffidividual sub-band densities; of all the observed sub-

in this case was excellent when a uniform distribution of thelands,ns=ZXn;. Low magnetic field measurements of the

Si donors was assumed with; equal to the physical thick- Hall carrier concentrationy, were also performed at 4.2 K.
ness of the slab. This was invariably lower than the carrier concentration de-

In this paper our aims are as follows. duced from the SdH data, and the difference is the basis of

(i) To present a complete study oflaGay 4As s-doped the discussion in Sec. Il D.
layers designed to distinguish between dopant migration The electronic sub-band structure was calculated self-
caused by thermal diffusion from spreading due to surfac&€onsistently by solving the one-dimensional Sclinger and
segregation. Poisson equations, and these calculations were performed as-

(i) To demonstrate that the interpretation of SdH dataSUming either a uniform distributiofUD) or a Gaussian dis-
using SCC within the limitations of the three-band Kanetribution (GD) of Si donors in 18 56G& 4As. The nonpara-
model can be extended reliably to high doping densities wittPolicity of the conduction band was included in the
Fermi energies very close to theminimum. calcuI?'gons within the I|m|te.1t|.ons of the three-band Kane

(i) To show that in multi-sub-band systems with the Model:* The spreading of Si is assessed by comparing di-
same total donor density, the observed increasing discreectly the individual sub-band densities deduced from the
ancy between the free electron densities deduced from HaltF T analysis of the SdH data with those derived from SCC,
and SdH measurements associated with the progressive cofith the widthwsg; of the uniform dopant distribution or the
finement of the doping profile is a direct consequence of thdull width at 1/ex the maximum of the Gaussian doping

change in mobility distribution among the sub-bands. profile as a fitting parameter. Though the applicability of the
SCC would be enhanced by taking into account the asymme-

try of the Si donor distribution caused by surface segrega-
Il. EXPERIMENTAL TECHNIQUES tion, adequate agreement is generally obtained using the sim-
pler approach.

B. Measurement and analysis

A. Molecular-beam epitaxy growth

The Iny 5Ga 47As epitaxial layers were grown at km/h ll. RESULTS AND DISCUSSION
on semi-insulating Fe-INR00) substrates in a Varian 3-inch

Modular Gen Il MBE system fitted with an arsenic cracker. A. Layer structures and analysis of the dopant spreading

An As, flux of approximately 1.& 10**cm™?s™* was used, In this study, additional epitaxial layers with design were
corresponding to six times the minimum needed to growgrown to provide conclusive and indisputable evidence of
GaAs atTs~580 °C with an As-stable (24)(100) surface surface segregation of Si in JgGa 4As at T¢>470°C.
reconstruction. The fx4Ga.4As surface was exposed to the The layer configurations and growth temperatures of key
As; flux throughout the growth of the structures, including samples are indicated diagrammatically in Fig. 1 and the
the interrupts for the deposition of the &layers and during measured parameters are summarized in Table |. Sample

the time required to lower and raise the substrate tempera603 is a typical structuré doped with Si to a nominal areal
ture. Additional information on the growth conditions was density of 3.0 10'2cm™2 and grown entirely at 520°C to

deduced from the surface reconstructions which changegrovide a reference for the extent of Si migration in
from a (1xX3) atTs<470°C, through to a (23) for 470  |n,.Ga, ,;As grown under nominally optimum conditions.
<Ts=<500°C and a (X4) for T;=500°C, all referred to | ayers B684 and B685 with intendestdoping concentra-

the [110] azimuth!® The Si effusion cell temperature was tions of 3.0< 10"2cm™2 and B713 with 2.5 102cm 2 were
calibrated against both low magnetic field Hall and highgrown with the following substrate temperature cycles to
magnetic field SdH measurements of the free electron corseparate Si spreading towards the substrate from that migrat-
centration in a large number of uniformly doped GaAs anding in the growth direction.
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Substrate (@) Surface ®) tiated at a relatively “low” temperature, whereas for B685
«— 520°C —»:4— 470°C —»  — 470°C —>; & 520°C — the wafer temperature was “high” at the comparable stage
Tg = 520°C. Boga | Ts=470°C B685 of the cycle. . _
Four occupied subbands are observed in the FFT ampli-
0.5pm 0.5pm 0.5pm 0.5 pm N i
undoped undoped undoped undoped tude spectrum of B603 with a total electron density 3.14
mGass | HGHS moaes | InGecs X 10%cm 2 and a subband ratio_q/n,_,;=2.16. We
showed in our earlier publicatidhthat comparisons of this

g i .= 12 cm2 £ i .= 12 o2 . . . . .
8-doping, Ns; =3 x 10% em®  8-doping, Ny =3 x 102 em sub-band ratio for otherwise identical samples is a good mea-

sure of the width of the dopant distribution. High values

s © . sarc Szgf)c . imply a well confined donor layer, while lower values indi-
T moas Bo08 cate that spreading hgs occurred. Th_e Si spreading esti.mated
from the SCC assuming a uniform distribution of the Si at-
0.5 pm 0.5 um 0.5 pm 0.5pm oms is 35 ML.

liﬁdc?ff ?Edc;?}fg liﬁg;?fg liﬁdc(ﬁg The growth cycle for layer B684 allowed Si spreading
ML, | \BORiL towards the substrate to be differentiated from that in the
un-InGaAs | un-InGaAs 20 ML slab, Ng; = 8 x 1012 cm™2 growth direction. Since Si spreading is eliminated by growth
20 ML slab, Ng; = 8 x 1012 cm2 at T;<470°C, any migration which occurred in B684 must

have been caused by thermal diffusion into the substrate dur-
FIG. 1. Schematic layer structures and growth temperatures dhg the 16 s for thes doping and the subsequent 300 s
key samples studied her@) B684, (b) B685, (c) B644, (d) B608. growth interrupt to decreade, to 470 °C. None should have
The layer structure of B713 was similar to that of B684, except thataken place during the deposition of the Q.6n thick cap
growth was interrupted for 15 min after tidedoping and before the |ayer at 470°C. As shown in Table |, the best fit to the
temperature reduction for growth of the cap layer. experimental data is obtained by assuming a width of 2 ML
in the SCC. No diffusion has occurred. In B685 however, the
(i) B684 [Fig. 1(a)]: growth of 0.5 um of undoped In- layers above the delta plane are grown at higher temperature,
GaAs ands doping at 520 °C; a pause of 300 s to lovier allowing surface segregation to occur. The regtiéble ) is

to 470°C; growth of a further 0.5:m of undoped InGaAs a dopant distribution 45 ML wide. The FFT amplitude spec-
at 470°C, ' tra for B684 and B685 are shown in Fig. 2. The tighter

- confinement of the Si atoms in B684 compared with B685 is
i) B713: growth of 0.5um of undoped InGaAs and .. . : )
dor()ir)lg at 52800 a 15 miﬁ growth intzrrupt with the Sub_|nd|cated by the shift of the=1 peaks to lower frequencies

o and an increase in thg_,/n;_4 sub-band ratio from 1.87 to
strate temperature at 520 °C; a pause of 300 sec to lower 2.66. Note that the Si spreading in B685 is higher even than

to 4ZOOC; growth of a final 0.5um of undoped INGaAs at it for B603, indicating a less confined doping profile
470_“0- ] caused possibly by a slightly higher growth temperature.
(iii) B685[Fig. 4(b)]: growth of 0.5 xm of undoped In- Strictly, any thermal diffusion which might have occurred
GaAs ands doping at 470 °C; a pause of 300 s to ralse0  during the growth of a 0.5um thick cap layer at 520 °C in
520°C; growth of a further 0.3um of undoped InGaAs at B685 was not completely mimicked in sample B684. The
520°C. additional sample, B713 was grown with a 15 min interrupt
The only intentional difference between the growth cyclesat 520 °C(equivalent in time to the growth of 0.2xm of
of B684 and B713 was the incorporation in B713 of a 15 mining 5{Ga, 4/As at 1.0 um/h) following the deposition of the
growth interrupt at 520 °C after the deposition of the&i Si donors, to allow for the possibility of diffusion back from
layer. For layer B685 the temperature sequence applied tie growth surface towards the substrate, before the final
the growth of B684 was reversed, i.e., for B684 the growth0.5 um of undoped lpsGa, 4 As was deposited at 470 °C.
of the 0.5 um thick cap over the Sb-doped layer was ini- Comparison of the SdH and SCC data suggests that near

TABLE |. Details of the main Si-doped §Ga 4As samples considered in this study.

Sample Type Depositioi Designng Ng Ny s Aplpg w (fitted)
°C x10"% m™2  x10'®* m? xX10®* m™2 m?vis?t ML

B602 Delta 520 2.0 2.06 1.77 0.73 0.40 45
B618 Delta 420 2.0 2.15 1.66 0.69 0.54 2
B713 Delta 520/ 470 2.5 2.24 1.53 0.77 0.68 2
B603 Delta 520 3.0 3.14 2.46 0.69 0.53 35
B684 Delta 520/ 470 3.0 3.45 2.13 0.73 0.79 2
B685 Delta 470/ 520 3.0 3.12 2.64 0.66 0.46 45
B608 20 ML slab 520 8.0 8.64 7.46 0.49 0.40

B644 20 ML slab 470 8.0 8.63 5.84 0.43 0.69 20

B696 Delta 420 15.0 14.84 8.55 0.35 0.86 2
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— B685

ture T,<470°C after the deposition of the Si atoms. The

gool « & 3 dopant width does not depend on the substrate temperature
Pp 1 — - B4 during the incorporation of the Si atoms on the nongrowing
a7004 I 4l - surface of the material. This is compelling evidence for Si

1

1

1 spreading only by surface segregati@t least at tempera-

! tures up to 520°C). We have confirmed these deductions
s from SdH measurements and SCC by growing a special
sample containing multiplé-doped layers grown at different

T, values, and analyzing it using SIMS. The results confirm,
2 to the resolution of the SIMS technique, that Idw layers
remain confined, but that layers deposited at 520 °C show an
asymmetric, broadened profile with spreading of the Si dop-
ants in the growth direction, as expected for surface segrega-
tion.

6004 11 j1

Amplitude (arbitrary un
N w o (4]
[=] Q (=] [=]
2 2.2 °

-~ 7/
VA
\'I

0 10 20 30 40 50 60
Frequency (T) B. Limits to the three-band Kane model

FIG. 2. Shubnikov—de Haas frequency data showing the differ- The slab-doped samples B644 and B608 were grown to
ences between spectra for a strongly confinetayer sample  extend the study of the incorporation of a controlled doping
(B684) and a sample in which the donors have sprez@Bs). profile into Inys{Ga 4As at higher doping densities. The

layer structures of both samples consisting of B*?cm ™2
ideal 6 doping was again achieved with an inferred spreadingsi atoms distributed uniformly through 20 ML and grown at
of 2 ML, and therefore that no diffusion had occurred during470 °C (B644) and 520 °C(B608) are shown in Figs. (t)
the extended period B713 was held at 520 °C. Abrupt conand ¥d). Shubnikov—de Haas measurements for B644 were
finement similar to that observed in B713 was also obtainegierformed using the 50 T pulsed magnetic field system be-
from layer B618, doped to a comparable Si den$ity~2  cause thd =0 subband, due to its relatively low mobility,
X 10*cm™2 at 420 °C and capped with 20 ML of undoped was not resolved in the FFT spectrum within the 13 T field
material at the same temperature before the final growth afange of the superconducting magnet. At this high doping
0.5 um undoped IpsGa 4AS at 520 °C. This shows that density a satisfactory fit between theory and experiment is
the substrate temperature duriggdoping is not a critical not achieved for the 20 ML slab grown at 520 fB5608) if a
factor in the growth cycle for achieving an abruptly confineduniform distribution of the Si donors is assumed, suggesting
doping profile in lattice matched InGaAs. In contrast, thean asymmetry of the doping profile. Pronounced differences
fitted dopant widths for B602, similar to B618 but grown between the subband densities deduced from experiment and
entirely at 520 °C, are 45 MIUD) and 40 ML (GD).*® theory were found even when a comparison with a much

To summarize, the results for B684 and B713 show thabroadened uniform doping profile was attempted. In contrast
diffusion of Si in InpsGay4AS at temperatures below the reduction inT, from 520 to 470 °C(B644) suppressed
520°C is negligible. Significant spreading of Si in the Si spreading and created the intended 20 ML uniform
Ing 548G 4AS away from thed-doped plane only takes place distibution of Si donors. The excellent agreement between
when theé layer is covered with additional material and the the SdH measurements and the SCC for a width of 20 ML is
wafer temperature exceeds 470 fl@yers B603, B685, and shown in Table Il. In B644, the temperature was kept at
B602. The only requisite condition for achieving an ideal 470 °C during the growth of the 20 ML thin slab and of 30
S-doping profile in lattice matched InGaAs is the growth of aML of undoped material at either side of the doped region.
thin cap layer of undoped material at low substrate tempera®nce more the profile is unaffected by the final growth of the

TABLE II. Theoretical fits to experimental subband densities for two samples. The well widths assumed
for the fits are 20 ML for B644 and 2 ML for B696.

Sample B644 Sample B696

Subband No. Measurad, Fitted ng Subband No. Measuret, Fitted ng
X 10" m=2 X 10" m~2 X 10" m=2 X 10" m=2
0 451 4.490 0 8.13 8.014
1 221 2.190 1 3.63 3.538
2 1.10 1.080 2 1.81 1.867
3 0.50 0.518 3 0.80 0.895
4 0.21 0.224 4 0.34 0.434
5 0.10 0.082 5 0.15 0.176

6 0.015 6 0.064

7 0.010

Total 8.63 8.60 Total 14.86 15.00
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0.5 um cap layer at 520 °C, showing that a preferential mi- 2

gration of the Si donors towards the growth front is the prin- 2 Mi ki

cipal mechanism contributing to the redistribution of Si for Ryje= ——m, (3.1
T~520°C. > (mpp)?

For both the layers B608 and B644 the total carrier den- !

sity measured from the SdH effect was8.6x10'2cm™®  \yhere the sum is over all the occupied sub-bapdsis the
which in the case of B644 is equivalent to a bulk density ofygpijlity of the electrons at the Fermi level in thieh sub-
1.5x10*cm™®. The Fermi energy predicted by the SCC for hand, and we have ignored the carrier sign. The Hall carrier
a total carrier density of 8:510"°cm 2 Si donors distrib-  concentration is given by the reciprocal Bf;e while the
uted uniformly into 20 ML is 250 meV above the true carrier concentration measured by the SdH effect is
I'-conduction band minimum and well below the energy ofgiven by

the L-conduction band minimumBE., =550 meV) making

the three-band Kane model a reasonable approximation to n =E n
adopt at this density. Self-consistent calculations based on s o4
the three-band Kane model for X720'3cm 2 Si donors
uniformly distributed in 2 ML, however, predict a Fermi
energy of 550 meV, equal to the separation betweerthe
andL-conduction band minima. Layer B696 wasloped at > ninj(Mi—M1)2> 0, (3.3
1.5x10"%cm 2, and grown at 420 °C, to assess how accu- b

rately the Kane model describes the electronic properties of &nere pothi andj range across all subbands. Fefj this
¢ layer at very high doping densities. The low growth tem-jnequality must be true as all the terms are positive and we
perature was used to eliminate any possible enhancement ghn 344 in the terms for the same subband, which are zero,

Si spreading at the high doping densities studied. Judging byithout violating the inequality. Expanding and rearranging
the mean separation of the atoffihe equivalent three- e get

dimensional doping density is similar to the maximum that

has been achieved to date with bulk InGaAs layers grown

lattice matched to InP by MBE (810°cm 2 at T, 2 min (el pd)>22 mipinin; . (3.9
~370°C)2° As with layer B644 thé =0 subband of B696 " M

was not resolved within the 13 T range of the superconductAs i andj are dummy suffices, we can rearrange 8 to
ing magnet and the 50 T pulsed magnetic field system waget

used. The electron populations for the six occupied subbands

observed are compared with theoretical predictions of SCC 2

based on the three-band Kane model, assuming a uniform 22 Misti zj: ni>2§i: ni’“‘; Ly
distribution of silicon donors in 2 ML, in Table Il. Agree-

ment between theory and experiment is remarkably goodf

We therefore conclude that, even for electron densities as 2

high as 1.5 103cm™2, thei=0 subband at the minimum (E n-,u-)

is not populated and the three-band Kane model is adequate -

to describe the band structure. E ni>——— (3.6

I E ni:“«i2

(3.2

Consider the inequality

3.9

C. The mobility of carriers in InGaAs é-doped layers Equation(3.6) is exactly the result we requireg>n, . It is

As can be readily seen from Table I, for all slab- andknown for two subband$? but has not been proved as a
5-doped layers, the electron concentrations derived from thgeneral result for any number of occupied subbamglsy;) .
Hall measurementsn(;) are lower than the sums of the in- We may now use the difference betweegand ny to
dividual sub-band densities deduced from the FFT analysigbtain information about the distribution of mobilities over
of the Shubnikov—de Haas datay]. This striking result can the sub-bands. We define the mean transport mobility
be directly attributed to the different mobilities of the elec-
tronic sub-bands. At high Si doping densities ionized- E N
impurity scattering is the dominant scattering mechanism at o S
low temperatures and the different spatial overlap of the sub- ’“S:n_se =
band wave functions with the ionized donors is reflected in 2 n;
the different sub-band mobilities. Whenever the mobilities in !
the individual sub-bands of a multi-sub-band system differand the effective Hall mobility
then necessarily the Hall mobility will be higher than the
transport mobility deduced from SdH measurements and the )
corresponding effective carrier concentration will be lower. o Z N i
We first prove this result. uy=——=0Ry=——. (3.9

We start from the usual low field expression for the Hall nne S n

g . . i Mi

coefficient for a multi-sub-band system, i

3.7
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As expected, 1.2 . : — . ' .
Nsps=NHLH - 3.9 14 u B
We define the variance of the mobility for the electrons in all '.':
sub-bands in the usual way as S 0.8 o N
b [ c}
£ °fm
2 Ni(pi— ps)? E niuf 2 0.6 o] [
I 1 ‘a
Ap?= = —pi. (310 2 -
2 n; EI n; § 0.4 o o L.
= m HighT
Normalizing this to the mean mobility and substituting from 0.2 © LowT -
Eq. (3.8) we obtain
Au?  ng i T A 5 s Bz 1 e
Iu—g:E—l:Z—l. (3.1]) (a) n(1016 m-2)
.e | | L L 1 L |
Thus the ratio of the two measured carrier concentrations or c °
mobilities gives the normalized variance of the mobility over -% 0.8 ° -
the sub-bands. Unless the mobilities in all subbands are H 4
equal(and hence the varianaku? is zero, Eq. (3.11) im- 8 0.7 ® 9 A 3
plies that low magnetic field Hall measurements underesti- E 0.6 i
mate the total carrier concentration in a multi-sub-band sys- & ® o
tem. A similar conclusion was reached by Gossmann and # 0.5 1o} -
Unterwald? in studies of transport in SB-doped layers on 2 oal o ® A ® 5
Si (100. They showed that the Hall effect underestimated '-g ) o ®
the carrier concentration in isolated dopant layers, but not £ 0.3 ® LowTdelta ||
when the layers were brought close enough together to de- @ © High T delta
stroy the two-dimensional confinement. = 027 Low T slab
Individual measurements @f; andny, the mean mobil- E 014 4 Lowlsla 3
ity and the normalized standard deviation of mobility are S A High T slab
given for all the samples in Table I. The mean mobility is 0 r r r . r r .
plotted against total carrier concentration in Figa)3and 0 2 4 6 8 10 12 14 16
shows a slow decline over our range of measurements. Such  (b) n (10" m?)

a slow decline is predicted by theoretical calculations of scat- . )
tering in & layers such as that of Hai, Studart, and Pedters  F!G- 3. (@ The mean mobilities 4) for samples of different

and Henrique§5 Unfortunately calculations are not available carrier concentrations. All samples from Table | and some others
) . are included. Highr implies growth of the layer directly above the

for the In, s4Ga, s7As system to enable quantitative compari- dopant at 520 °C, low implies growth at 470 °C or belovib) The

sons to be made. i D .
. normalized standard deviations of mobilit &/ u) for samples of
The sample pairs B602/B618, B603/B713, BG85/8684’(,&) showing the significantly higher values observed for Idw

and 8608/8644 have a_lpproximately the same number of _Sétrongly confined samples.
atoms but differ in their growth temperatures and hence in
the final width of the dopant distributions. Only small differ- low compared with that of electrons in the higher, less con-
ences in mean mobility are found between the strongly confined subbands. This will result in a larger variance than for
fined samples and the less well confined samples of each pdéss closely confined doping layers. Thus although the phe-
[Fig. 3(@]. However, the samples with the narrower dopingnomenon is not unexpected, the fact that it can be so clearly
profile do show a significantly higher ratio of to ny, and  seen in the mobility data is a striking confirmation of the
hence a greater standard deviation of mobility. This point ignternal consistency of this data. This type of behavior is also
emphasized in Fig.(®) where the normalized standard de- predicted for the standard deviation of mobility calculated
viation is plotted against carrier concentration for thefor Si 5-doped GaAs by Hai, Studart, and Peetérand
samples in Table | and a number of other samples. The lowlenriques’® Hai, Studart and Peeters have calculated the
growth temperature, more confined samples occupy a barglbband mobilities for slab-doped wells as a function of dop-
above the high growth temperature less confined samplimg thickness for X 10*?2cm™? carriers(three subbands oc-
group, in which the donors have spread. cupied and 8x 102 cm™? (four subbands occupigdFor the
This striking result is not difficult to explain. In a multi- former case, the normalized mobility variance decreases
sub-band system, for the same total free electron density, tifeom 0.84 in the limit of zero thickness to 0.30 at 10 (8%
narrower the doping profile the deeper the effective confineML). For the latter, the decrease is from 0.70 to 0.43. The
ment potential. The ground state is especially strongly conequivalent values predicted by Henriques are 0.81 and 0.73
fined in a region close to the donors, the electrons within ifor ideal monolayers of X 10"2cm™2 and 8x 10'2cm? Si
will be strongly scattered and their mobility is expected to bedonors in GaAs, respectively, and 0.33 fox 50*2cm™ 2 Si
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donors distributed uniformly in 11 nr(#0 ML). These val- IV. CONCLUSIONS
ues are very similar to those we observe experimentally for

simila_r c_hanges.in width. B InGaAs on InP by MBE has been studied on epitaxial layers
This impressive agreement between thébiP and our it unique structures and growth temperature profiles to

experimental data confirms, as is shown in our mathematicaifferentiate between thermal diffusion and surface segrega-
analysis, that the increasing discrepancy betwggm@ndns  tion. Compelling evidence for preferential migration of the
in wells with the same doping density but with progressiveSi donors in the growth direction was presented for growth
confinement of the donors to form an ideal monolayer distritemperature3 =470 °C. Thermal diffusion is negligible for
bution, is a direct consequence of the increasing differencesubstrate temperaturebs<520°C. The three-band Kane

in sub-band mobilities. In addition our analysis is applicablemodel describes adequately the electronic properties of
to any confined doping profile, irrespective of material. It is 5-doped layers with doping densities as high as 1.5
not limited to Sis-doped I 5{Ga, +As but, as noted above, X 10"3cm™2 and Fermi energies slightly lower than the en-
also applies to the low field Hall measurements on SEErgy separation between the- and L-conduction band
s-doped Si films by Gossmann and Untervfland to mea- Minima. Direct comparison of the total free electron concen-
surements on Sé-doped GaAg’ tration derived from the FFT analysis of the SdH data with

Various methods are available, using further information,the carrier concentration measured from low magnetic field
to deduce individual sub-band mobilities. The nonlinear &/l Measurements shoyvs that the significant decrease of the
higher field longitudinal and transverse resistivity data canfree ele_ctron co_ncentra_t|on deduce_d from the Hall measure-
be interpreted to give information about the transport mobili—mentS IS assoc_|ated with the_ conflnemer?t_ .Of the Si d_onors
ties for the individual sub-bands; the most sophisticate nd can b_e attributed to th_e different mobilities of the.dlffer-
method of this type is the mobility spectrum technique Ofdnt occupied subbands. It is found that the more confined the

i , oping profile for the same Si doping density the higher is
Beck and Anderso?ﬁ From the damping of the SdH oscil- ¢ jiscrepancy between nominal Hall and SdH carrier con-
lations, analyzed either using the Dingle pfdt® or from

X centrations; this is consistent with the greater differences in
the shape of the peaks in the FFT speﬂ:’crqgantum sub-  mobility between subbands to be expected for narrower dop-
band mobilities can be deduced. It is not our intention in thlqng profiles.

paper to go beyond the results we have already reported from
the linear regime. However, the data for such a study is ACKNOWLEDGMENT
available and will be presented in a future paper.
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