PHYSICAL REVIEW B VOLUME 55, NUMBER 19 15 MAY 1997-|
lonized impurity scattering in periodically é-doped InP
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The quantum mobility in the individual minibands of InP with periodicsSioping was estimated from the
Shubnikov—de Haas spectra of the samples, measured at 4.2 K in fields of 0—14 T. The set of samples studied
had a sheet density of Si atoms of about41®'? cm ™2 in each doped layer, and a doping period in the range
90-300 A. A theoretical model for the quantum mobility in individual minibands was developed, and theo-
retical estimates of the quantum mobility are in reasonable agreement with the experimental values. It is
observed that at a fixed doping period the quantum mobilities increase with the index of the miniband, and the
quantum mobility in an individual miniband decreases when the doping period is made shorter. The depen-
dence of the quantum mobility on the miniband index and doping periodicity correlates with the dependence of
the mean distance between electrons and the doped layer on the same quantities. These results demonstrate that
in 5-doped semiconductors the binding length of the quantum-confined electronic charge is a very important
parameter, determining the carrier mobility which can be attained in these syp&0M63-18207)01119-3

[. INTRODUCTION the mobility theory for semiconductors with a single
o-doped layer, i.e., electronic energy spectrum and wave
Semiconductors in which the atoms of the dopants aréunctions, and a model for the screened electrostatic potential
concentrated around a single plane of the host crystal latticef ionized impurities. The basic novelty is in the form elec-
have important technological applications and display intertronic wave functions, which for a periodical*doped sys-
esting physical propertiés> Using epitaxial growth tech- tem are described by Bloch states, whereas for a semicon-
niques such as metal-organic vapor phase epitedVPE)  ductors with a singles layer the wave functions describe
and molecular-beam epitaxy, planar dopifay & doping  States which are spatially localized around the doped layer.
with silicon has been accomplished for various I1I-V semi- Our calculations were made using the RPA model for the
conductors, for instance, GaAs, /8a;_,As, InSb, and InP.  screened Coulomb interaction between carriers and ionized
In semiconductors doped periodically with sheets of Si, thedonors; this choice was motivated by the success of the RPA
carriers released from the shallow donor Si atoms are cortheory in describing the carrier mobility iftdoped materials
fined by a periodical space charge potential, which splits thavith a singles-doped layer.
continuous conduction band of the host semiconductor into a
set of electronic minibands. The conductivity parallel to the ||, THEORY OF MINIBAND QUANTUM MOBILITIES
doped layer is dominated by carriers confined in such mini- IN THE RPA APPROXIMATION
bands: these carriers interact strongly with the charged donor
atoms located in the doped regions, and this interaction con- In this section effective atomic units are used, whereby
sists the mechanism which limits the carrier mobility in the units of mass, length, and energy are the effective mass
5-doped system$:® m*, the effective Bohr radiusg= e ?/m* ke, and the ef-
From the theoretical standpoint, calculations of the elecfective HartreeH =#2/m* a3, respectively. For InP, we as-
tronic mobility in samples with a singlé layer have been sumem*=0.08m, (Ref. 14 and €=11.81° which gives
made using either the Thomas-Fermi médlor the ag=78 A andH=15.7 meV.
random-phase approximatigRPA) (Refs. 8—12to describe When electrons are confined by a potential which is peri-
the screened interaction between confined carriers and ioedic along one axigthe growth directiore), as occurs in a
ized impurities. The theoretical calculations made in thesemiconductor with a periodicad doping, the electronic
frame of the RPA show good quantitative agreement withstates are quantized into superlattice minibands of energies
experimental estimatés® while the agreement is poorer E(n,k, ,k),
when a two-dimensional Thomas-Fermi model of screening
is used(see Ref. 13 by some of the authpidowever, to the E(n,k, ,k)=E(k)+1Kk?,
best of our knowledge a calculation of the electronic mobili- .
ties in periodically 5-doped samples has not yet been at-wherek; andk are the wave-vector components perpendicu-
tempted, and this is the purpose of the present study. For tHar and parallel to the growth axis, respectively, and
periodically 5-doped semiconductor, the theoretical quantumE,(k,z) is the miniband dispersion. In order of increasing
mobility calculation is based on the same input quantities asnergy, we will denote the succession of miniband&as
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E2,E3,.... Theelectronic states corresponding to theen- ________ /o 12N, &
ergiesE,(k,z) are described by the wave functions | nT(?,T,k,(q)l2 ( q ) StZw ;l/ e;kln,k,mm,,,(q)
- mim
R . ”ZL!; Nd 2
‘I’n(ki,k.p.z):—\/g Xn(k,Z), D on Xm(|,Z)X:cn,(|/,Z)e_q‘z_tdldz

whereS is the area of the samplgn(k,z) =un(k,2)€*?, and  represents the statistical average of the matrix elements of
un(k,z) are Bloch functions normalized to the length of the the two-dimensional Fourier transform of the scattering po-
superlattice. Functionsyy(k,z) are the solutions of the tential. In the latter equation the summation extends over all
Schralinger equation the electronic energy leveldl, is the areal density of single
charged donor atoms in each doping period, distributed along
the z direction in a plane of zero thicknesd;is the super-
_Ed_ZZXn(Z)+[VH(Z)+ch(Z)]Xn(k!Z):En(k)Xn(k’Z) lattice period;N d is the Born—von Karman period; and
2 €nkk’. mim1+(Q) is the dielectric matrix which is given by

2

where V,.(z) is local density approximation for the Enkn k. mim17(A) = nmSk1 Onrmy Skr17
exchange-correlation correction to the confining potential,

which was taken to be equal to the form due to Hedin and T Amim 1 () Taknrke mimer (4),
Lundqvist®

with Apimviv(Q) being the independent response particle den-
sity matrix, given in the Appendix of Ref. 17, and

V(2)= ml” [1+0.773&In(1+x"Y)]. Toknk,mim17(Q) is the Coulomb energy form factor
S
2 d o
a=(419m)3, r=[4/3mn(z)] 3, x=rgJ21, andVy(2) is Tnknfkf,m|mr|f(q)=7 xn(k,2) xp: (K',2)
the self-consistent Hartree potential, which is obtained from 0
a numerical solution of the Poisson equation X xE (1,2 ) (1 /,Z/)e—q\z—z’ldz dz.
2
d“Vi(2) —4mny(2)—n(2)] &) In order to test the theory, a comparison with the quantum
dz° d ' mobility obtained experimentally is needed. The quantum

mobility of carriers in individual minibands can be extracted
where ny(z) is the density of ionized donorsn(z)  from the Shubnikov—de Haa$dH spectrum. As shown in
=(Um) Endun(K,2)|?¢n®(bn) is the density of free car- Refs. 18 and 19, in a semiconductor superlattice each mini-
riers, ¢n= ¢—E,(K), ¢ denotes the Fermi energy, and band manifests itself in the SdH experiment as a separate set
of oscillatory components. Every miniband can be assigned
1 if x>0 to one of three categories: those of two-dimensional charac-
ter and vanishing bandwidtldy,,=0; those of quasi-two di-
mensional character, described by a small dispersion and
narrow bandwidth,A,,<¢,, and those effectively three-
rnd|menS|onaIA >¢,,, Where ¢, represents the energy dis-
tance between the Fermi level and the threshold of the mini-
band.
The contribution to the magnetoresistance of a miniband
whose bandwidth is smaller than its Fermi energy, i.e.
An<¢y, will be described b{?

=
000 0 otherwise

is the Heaviside step function.

The scattering rate of electrons from a given quantu
state forT=0 K can be obtained from the Fermi golden rule,
taking the Coulomb interaction between electrons and ion-
ized impurities to be the scattering mechanism. By using the
wave functions given by Ed1), and considering the scatter-
ing processes of carriers at the Fermi surface, for the qua
tum lifetime of the statd of the nth electronic minibandin
atomic units, the quantum lifetime equals the quantum mo- APXXN X e~ MU 2J( B,U) COSw,U

bility 1), one obtains Po sinhX~
+8 e, Jmle Pnld(1/2,2,28,u)]sinw,ul,

- ! 2
(k)= nz:‘(, |V”k”’k' Anienic)*de, (4) where X=272T/B, T is the temperature in units of

h2/kgm* aé, u=1/B, a,=mlug(n), ug(n) is the quantum
where the summation extends over the quantum statamobility in the nth miniband,B8,,= 7A,,, o,=27(d,—A,)

(n',k") which lie below the Fermi leveli.e., ¢,/ >0), and €, is a dimensionless parameter which is obtained by
fitting the numerically calculated dispersion laf#,(k), to
Onk,n'k’ = 21/2[ bkt b — 2 ¢nk¢n’k'cos‘P]llzv the expression

the integration variable is the angle of scattering formed Ap
between vectork, andk , and S(1-coskd).  (6)

A,
E.(k)= 7(1—co§<d) €
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Equation(5) was obtained assuming the quantum mobility to  The Shubnikov—de Haas experiment was carried out in a
be constant within a miniband. Note also that when the spacsuperconducting magnet. The sample was placed in liquid
ing between the doped layers is made very ladyer¢°), the  He at 4.2 K. The magnetoresistance measurements were
width of the minibands decreases (—0), and Eq(5) takes made in the constant-current mode, employing currents of
the familiar form associated with an electron gas confined inr~10 pA, and using a four-contact geometry; the samples

two dimensiong® were approximately square, with contacts in the corners. The
A X magnetoresistance oscillations were measured in magnetic
Pxx . e MCoS2rdh U | 7) fields of intensity up to 14 T.

Po “sinhx ™
In the most general case, E§) will be characterized by two
oscillatory components, respective to the “belly” and We obtained an experimental estimate of the quantum
“neck” extremal orbits of the mini-Fermi surface associated mobility in each of the populated minibands by using a se-
with the miniband; however, as shown in Ref. 19, in periodi-quential process, which consisted of the following stéfs:
cally 5-doped systems the neck orbit is not detectable. Thigletermination of the characteristic width of the doped layer
conclusion is based upon the observation that in order for thand of the doping period2) determination of the sheet car-
neck orbit to be detectable, the energy-level broadening muster concentratiomg (this process outputs simultaneously the
be smaller than the miniband widémd alsosmaller than the  width, A,,, Fermi energy¢,, and dispersion factog,,, for
minigap to the higher-energy miniband. However, in periodi-a|l minibands taken into consideratior(3) isolation of the
cally 6-doped systems these two conditions are never mehagnetoresistance oscillations associated with individual
simultaneously, hence each miniband will manifest itselfminibands; and4) determination of the quantum mobility of
with a single oscillatory component due to the belly orbit. 3 populated miniband by fitting the appropriate equafin
This assertion leads us to conclude that in the case of periher Eq.(5) or (7)] to the isolated magneto-oscillatory com-
odically 6-doped semiconductors the quantum mobility ap-ponent, with the quantum mobility being the single fitting

pearing in Eq/(5) pertains to the belly orbit state. Therefore parameter. In what follows, each of these steps is described
if we wish to test the quantum mobility theory developedin more detail.

above, the quantum mobility obtained from a fit of E5). to
the experimental data should be compared to the output of A petermination of the characteristic doping layer width

IV. RESULTS

Eqg. (4) at the wave vector associated with the belly orbit and doping period
i.e., k=0 for minibandsE1,E3, ..., ank= «/d for mini- .
E)andsEZ, E4, .. ). m It has been shown by Ulrickt al?? that theC-V spec-

For those minibands whose bandwidth is larger than thd"UM ©Of @ d-doped semiconductor is very sensitive to the
Fermi energy, i.e. when > ¢, the magnetoresistance os- spreading of the impurity atoms. In order to estimate the

cillations can be approximated by the usual expression assgharactder:jstp Wr']dtr} ?If th_e doped Igyer Iln ?\Iur slasn;plefs,hwe
ciated with an unrestrained free electron gas in thre@roceeded in the following way. Sample No. with a

dimension<l single Sié layer was grown under the same growth condi-
' tions used for the periodically-doped samples. In order to
Ap X e au - take advantage of the fact that teV technique presents a
~—2—= cos( 27 P u— —) . (8) higher resolution for a higher sheet concentration of confined
Po sinfX—Ju 4 carriers, sample No. 187 was more highly doped than the

The quantum mobility in this case can similarly be obtainedother samples used in this work. The areal density of con-

by fitting Eq. (8) to the isolated magnetoresistance oscilla-finéd carriers in this sample was obtained from the
tory component. Shubnikov—-de Haas spectrum by following the prescription

described in Ref. 5. Using the density of carriers obtained
from the SdH spectrum, theoretic@lV profiles were gen-
erated by resolving self-consistently Satirmger and Pois-
The s-doped structures were grown at 640 °C by lowson equations for the structure under bias; in the calculation
pressure-MOVPE in an AIX 200 reactor at 20 mbar with of the C-V spectrum, the doped layer was assumed to be of
a growth rate of 4.5 A/s. The source materials wereGaussian profile, and the width of the Gaussian was varied
PH3 (100%), TMIn (trimethyl indium), and 1% SiH, diluted  until the theoreticalC-V spectrum achieved best agreement
in H,. On (100 Fe-doped InP substrates, first a 0.3-with the experimental one. A more detailed description of
um-thick undoped buffer was grown, followed by a periodi- the C-V technique and theory is presented in Ref. 2. Figure 1
cally 5-doped InP layer, and finally a 500-A cap layer wasshows theC-V spectrum for sample No. 187. The theoretical
deposited. The periodical structures are composed of eitheurve shown in Fig. 1 was calculated assuming the donor
five or ten periods, with a spacing varying from 90 to 300 A.layer to be of width 8 A, and it reproduces very well the
The dopant layers were deposited during a 25-s growth inexperimentalC-V spectrum. This demonstrates that Si atoms
terruption. The silane flux was triggete2 s after growth in the §-doping layers in our samples are spread over not
interruption, and halg 2 s before the growth was resumed. more than 2 ML of InP.
In order to determine the width of the doped layer and the To determine the doping periods of a sample, Gtd/
doping period, the capacitance-voltage profileé-¥) was  spectrum was measured. As an example,GReé spectrum
measured for each sample, using an electrochemical profildor sample No. 200 is shown in Fig. 2. Ti&V concentra-
PN4300. tion, Nc.y, presents oscillations as a function of tBeV

IIl. EXPERIMENT
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20 To determine ng it was necessary to solve self-
consistently Schidinger and Poisson equatiofi&gs.(2) and
(3)] for each sample. In the calculation, the doping period
was fixed at the value determined by tiev measurement,
19 and the Si atoms were taken to be distributed according to a
Gaussian function with a full width at half maximum of 8
A as deduced from th€-V spectrum. The only additional
parameter in this calculation, the carrier concentratign
18 was varied until all theoretical frequencies of magnetoresis-
tance oscillation, i.e. those corresponding to the belly cross-
sections of the mini-Fermi surface, approximated simulta-
neously all of the frequencies of oscillation seen in the
ol experimental Shubnikov—de Haas spectruih.should be
0035 004 0045 0.05 0.055 pointed out that such a p_rocedure will inco_rpprate intp the
Cc-V depth (,U'm) final resullt ofng thoge carriers in the outer mlnlband§ .W.Ith a
low-density population, which are beyond the sensitivity of
. . the Shubnikov—de Haas spectrurfhe procedure used to
FIG. 1. Measured capacitance-voltage profile for sample Nogetermineng is described in more detail in Ref. 23. Results
187 (square dotsfor T=300 K. The theoret'%am'vjpewum(fu” . of the analysis of th&-V spectra and of the Shubnikov—de
curve was generated assuming=8.3x 10°* cm %, and the Si Haas oscillations are summarized in Table I.

f]ttoms di§tributed according to a Gaussian function of full width at For samples with a period less than200 A quantum
alf maximum of 8 A. o . : -

oscillations associated with minibaf8 were not observed.
This is an indication that in this range of doping periods the
minigap between miniband&2 and E3 is less than the
broadening of the energy levels, meaning that for all practi-
&al purposes minibands3 andE2 merge into a single en-
ergy band. Under these circumstances only the belly orbit
associated with minibanB2 will be manifested by magne-

TTTTmn T T1T7THn

depth,z-.,. The oscillations seen in Fig. 2 display a period-
icity of 176 A, which we take to be equal to the doping
period of this structure; the doping periods obtained in th
same way are shown in Table | for all samples studied.

B. Determination of the carrier population toresistance oscillations which will follow the three-
and miniband parameters dimensional behavior described by E). At still shorter
periods @<150 A), minibandE3 becomes depleted of car-

The overall sheet carrier concentratiogfor each sample riers
was extracted from an analysis of its Shubnikov-de Haas In addition to the concentration of free carriers, the self-
spectrum. Figure @) shows the magnetoresistance spectrum . : . '
for sample No. 196, and Fig.(l shows the Fourier trans- cc_)n5|stent calculathns als_o output the Ferm_l _eneﬁgy.the
form of the SdH oscillations plotted against the inverse fieId.WIdth Ap, and th? dlsperspn facter, for all minibands; the
Prior to taking the Fourier transform, and with the motive Ofparameters obtained are displayed in Table Il.
reducing the unwanted background of monotonous magne- _ L _ .
toresistance, the magnetoresistance curves were differenti- C- !solation of contributions of individual minibands
ated. Each of the peaks seen in Figb)3corresponds to a to the magnetoresistance
belly orbit of one of the populated minibands; the peak po- Individual oscillatory components were separated from
sitions determine the belly extremal cross sectional areas adhe rest of the magnetoresistance spectrum by applying a
the mini-Fermi surface in units df/2xe. Fourier Gaussian bandpass filter; the bandpass filter param-

TABLE I. Parameters of the samples studied. The doping petiacs obtained from th€-V spectrum
of the sampleBE andB[ symbolize the experimental and theoretical frequencies of oscillation associated
with the belly orbit ink space. The overall carrier concentrationshown gives the best agreement of theory
with experiment.

Sample No. of d SdH ExperimenT) Calculated T) Ng
No. periods  (A) BaH Bdn BaH B B Bl (cm™?)
194 5 92.0 85.5 43.1 86.3 42.3 42107
206 10 107 89.7 47.9 90.3 487 50802
198 5 128 74.9 38.6 75.4 40.2 48002
207 10 133 80.7 46.0 79.2 462 50802
200 10 176 62.2 32.2 63.8 324 9.1 427012
197 5 225 73.7 338 73.7 34.9 17.0 53802
199 10 245 73.1 25.9 11.1 75.6  27.2 11.2 X2a®'?
196 5 278 65.4 28.1 15.0 68.2 284 159 &I®Y

164 single 69.6 24.0 6.8 70.8 245 6.7 5102
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FIG. 2. Capacitance-voltage profile for sample No. 200. The S 364 |
periodicity of the peaks indicate that the doping period of this struc- . (b)
ture is 176 A. e
&
eters were the peak frequency and full width at half maxi- g 2
mum (FWHM). This is illustrated in Figs. @-4(d) for 2
sample No. 196. We have chosen sample No. 196 to exem- i~
plify the results of the Fourier filtering procedure because in 2 1E4 o
this sample each miniband is associated with one of the pat- © [
terns which can be exhibited by the magneto-oscillatory S i
components in periodicallys-doped semiconductors: the o ol -
fundamental minibané1 bears zero bandwidth and is thus 2 0 50 100
L

two dimensional, giving a magnetoresistance contribution
which will obey Eq.(7); minibandE2 bears a narrow band-
width A,<<¢,, which corresponds to a dimensionality inter-
mediate between 2 and 3, and its magnetoresistance osciIIE(—)
tions will obey Eq.(5); and minibande3, which has a large
bandwidthA3> ¢5 is effectively three-dimensional, imply-
ing that its magnetoresistance oscillations will be describe
by Eqg. (8). Thus sample No. 196 can serve the purpose opass filter parameters adjusted to isolate one of the Fourier
illustrating the Fourier filtering procedure and of the procesgeaks seen. After the application of the bandpass filter, all
of fitting individual oscillations with theory under all of the steps leading to the isolated Fourier transform were reversed:
circumstances which can occur. an inverse Fourier transformation was applied, and the mag-
Figure 4a) shows the Fourier transform of the SdH curve; netoresistance oscillations were integrated numerically. Fig-
dashed lines show the filtered Fourier transform, with bandures 4b)—4(d) shows the isolated magnetoresistance oscilla-

frequency (T)

FIG. 3. (a) Shubnikov—de Haas spectrum of sample No. 1B56.
urier transform of the Shubnikov—de Haas spectrum plotted
against 1B and differentiated for sample No. 196. The frequencies
c?f oscillation associated with the belly orbits are indicated.

TABLE II. Miniband parameters obtained from the theoretical model. The energy width and the Fermi
energy for each minibandy, and ¢,,, respectively, are the values obtained from a self-consistent solution of
Schralinger and Poisson equations usth@ndng given in Table |. Parametes, was obtained by fitting the
numerically calculated dispersion la,(k), with Eqg. (6), and it is indicated for minibands obeying the
quasi-two-dimensional behavior of E¢h).

Sample Ay b1 € A, &2 €2 Az b3 €3
No. (meV) (meV) (meV) (meV) (meV) (meV)
194 43.7 127.0 0.21 152.9 57.5 0.0
206 26.4 130.2 0.16 105.8 68.8 0.0
198 14.8 107.8 0.12 69.4 56.9 0.0
207 11.0 118.3 0.09 61.0 64.0 0.0
200 3.2 91.4 0.03 31.7 44.7 0.0
197 2.8 107.1 0.00 11.4 45.4 0.0
199 1.4 102.3 0.00 8.1 41.2 0.16 22.4
196 0.0 95.5 0.00 4.6 35.9 0.11 19.9 19.0
164 0.0 96.7 0.00 0.0 37.2 0.00 0.0 11.4 0.0
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2 frequency (T) 8 e ;
o
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of —w\/\/\ 0
:(E _' E_G A 1 N - " 1 s " i . . .
= 0 5 10 288, 5
o W magnetic field (T)
g - (c) E2
;’/ ok FIG. 5. Magnetoresistance oscillations associated with indi-
Q vidual minibands for sample No. 196. Dots represent the oscilla-
S gpg ) ) s tions obtained experimentally and the full curves correspond to the
g 0 5 10 theory. (a) Isolated oscillations due to the fundamental miniband,
® 2T T E1 and theoretical result by use of BE&). (b) Same for miniband
5 (d) E3 E2. (c) Isolated oscillations due to minibarE3 and theoretical
ok result obtained by use of E¢B).
i curves for sample No. 196 are shown in Fig. 5; a fit with
-2 B+ ——t—— '5 E— "0 —— theory in this case vyieldedug(E1)=410 cnf/Vs,
0 fic field (T uo(E2)=1320 cnf/V's, and uo(E3)=3650 cnf/V s. All
magnetic field (T) other samples underwent the same treatment, and the quan-

FIG. 4. (a) Fourier transform of the SdH spectrum for sample tUM Mobility values obtained are plotted against doping pe-
No. 196; dashed lines show the filtered Fourier transform used t6i0d in Fig. 6.

isolate each of the peaks detectén)—(d) show the isolated oscil-
lations due to minibandg1, E2, andE3, respectively. V. COMPARISON WITH THEORY AND DISCUSSION

Experimental results showed that at a fixed doping period
tory components so obtained for sample No. 196. Thehe gquantum mobility increases with the index of the mini-
isolated oscillations cover a smaller range of fields than the
measured intervgD—14 T) because a certain interval at each
end (the length of which is inversely proportional to the
FWHM of the Fourier filtey is lost due to end effectsee,
for instance, Ref. 24

g

. E3

8

D. Experimental estimates for the quantum mobilities

The quantum mobility associated with each of the popu-
lated minibands was obtained from a fit with theory of the
minibands’ contribution to the magnetoresistance, isolated
from the rest of the Shubnikov—de Haas spectrum as de-
scribed in Sec. IV C. The individual oscillations were fitted
using Eq.(5) when the miniband energy width was narrow 200 400 600 800
(A, < ¢,), or Eqg.(8), when the miniband width was wide doping period (A)

(A,>¢,). Parameters\,,, ¢,, and e, used in the fitting

equation were fixed at the values given in Table Il and FiG. 6. Quantum mobility as a function of the doping period.
the temperature was set to 4.2 K, as used in our experigircles, crosses, and squares represent the experimental results cor-
ments. The only remaining parametgry(n), was adjusted responding to minibands1, E2, andE3, respectively; dashed and

for best agreement with the experiment. To illustrate the fitfull lines depict the theoretical result fong=4.3x10"? and

ting procedure, the individual oscillations and the fitted5.4x 10" cm~2, respectively.

g

quantum mobility (cm?/Vs)

(=]
(=]
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band. The experimental quantum mobilities associated with 150
individual minibands are shown by dots in Fig. 6 as a func- E3
tion of the doping periodl. At large values ofd adjacent

wells become uncoupled; the quantum miniband mobilities

obtained for sample No. 164, which contains a sinplayer, o 100k
is plotted in Fig. 6 ad=800 A. =
When the period is made shorter, the mobility in mini- ; | E2

bandE1 remains nearly unchanged. The experimental quan-

tum mobility in minibandE2 does not show a smooth de-

pendence on the doping period, which is attributed to the

fluctuation in carrier density in the samplege Table)land

to the limited accuracy of the experimental values of mobil-

ity. Nevertheless, the experimental data plotted in Fig. 6 0 N T TR B

shows clearly that in the regioth<200 A theE2 quantum 0 200 400 600 800

mobility decreases when the doping period is made shorter. doping period ( A)

Finally, the quantum mobility of carriers in minibarte3

could only be measured for periods greater than 230 A, in FIG. 7. Mean distancg between car.riers cqnfined in rninjbands

which range the measured mobility attains a value of apFl. E2, andE3 as a function of the doping period for periodically

proximately 3500 cri/V s. 5-doped_|nP withng=4.6x 102 cm?/V's. The calculation was
The theoretical quantum mobilities were calculated as &"ad€ using Eq(9).

function of the doping period for carrier concentrations of _ ) )

ng=4.3x 10" and 5.4< 10*2 cm~2; these values correspond shows that th_e_re is an pqtstandlng correlation b_etween the

to the lower and upper limits of the free-carrier concentratiorluantum mobility in a miniband, and the mean distance be-

in the samples studied. The input quantities were the Fernfiveen its carriers and an impurity sheet.

energy, miniband energy spectrum, and wave functions,

E1l

whjch were optained from the so_lution of Schiager and VI. CONCLUSION
Poisson equations as described in Sec. IVB. The quantum
mobilities were calculated by using E@), assuming peri- The Shubnikov—de Haas oscillations were measured

odic boundary conditions in an interval of four doping peri- for periodically 5-doped InP as a function of the dop-
ods, and incorporating into the calculations only the quantuning period in samples with a density of carriers around
states belonging to the three lowest energy minibands. Re-4.9x10' cm? per doped layer and doping period in the
sults of the theory are shown by lines in Fig. 6. range 90—300 A. It is verified that each miniband manifests
Figure 6 shows that for minibartgl the theoretical quan- itself in the SdH spectrum through a single oscillatory com-
tum mobilities are in excellent agreement with the experi-ponent, which corresponds to the belly extremal orbit of its
mental ones. For excited miniban8® andE3 there is an mini-Fermi surface. The quantum oscillations associated
order-of-magnitude agreement between theory and experwith individual minibands were isolated from the underlying
ment, although the overall agreement is not so good as fanagnetoresistance spectrum by Fourier techniques. From the
minibandE1. Nevertheless, it is to be noticed that the theoryindividual oscillatory components, the quantum mobility for
reproduces the main feature of tB@ quantum mobility de- each miniband was estimated.
pendence oml, i.e., a decrease toward short superlattice pe- A theoretical model for the quantum mobility was devel-
riods. oped, which yields a fair agreement with the experimental
Our investigation can be summarized by stating that, at &esults. The theoretical model predicts that the mobilities will
given superlattice period, the quantum mobility is higher inincrease with the miniband index, and the mobilities de-
more energetic minibands, and when the period is maderease when the doping period is made shorter. The onset of
shorter, the quantum mobilities decrease. The decreasing bthe decreasing behavior occurs dat 200 A for miniband
havior toward short superlattice periods developd-aB800 E2, and belowd~50 A for minibandE1. The dependence
A for miniband E3, but only atd~200 A for miniband of the quantum mobility in an individual miniband on the
E2; for minibandE1, theory predicts a decreasing behaviordistance between dopant sheets shows a salient correlation
only whend<50 A. These results can be explained by thewith the same dependence of the mean distance between its
dependence of the binding length of carriers on the dopingarriers and the doped layer. This demonstrates that the mean
periodd. As shown in Ref. 12 fos-doped samples with a distance between confined carriers and impurities is the de-
single doping layer and in Ref. 13 for gatedétdoped terminant of the absolute value of carrier mobility which can
samples, the mobility is very sensitive to the mean distancée achieved ins-doped systems.
between the impurity layer and the charge carriers. The mean
distance between carriers confined in minibddidand an ACKNOWLEDGMENTS
impurity layer atz=0 can be estimated by(z%);, where
+di2 Calculations were performed using the facilities of the
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