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Low-temperature electron mobility in a real é-doped semiconductor
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The low-temperature electron mobility ftdoped GaAs is calculated by using the Boltzmann equation and
the relaxation-time approximation. It is assumed that the electrons are scattered from ionized donors, which are
spread uniformly throughout some distance. For donor-ion spreading of 50 to 100 A the calculated mobilities,
although still higher than experimental ones, are for some electron concentrations even 50% lower than those
calculated assuming genuidedoping. The possibility for the observation of such discontinuities which appear
in the mobility when the Fermi level passes through the subband bottoms is discussed.
[S0163-182696)00532-3

Recently we have calculated the low-temperature twoSi/SiO, and Al,Ga,_,As/GaAs heterojunctiofs'? and in
dimensional electron-gg@DEG) mobility in 5-doped GaAs multiple-quantum-well structurés:**
assuming that the electrons are scattered from ionized donors The system we deal with is weakly-type GaAs with a
localized in a single atomic IayérOur theoretical results highly dopedn™ layer of finite thickness, with all Si donors
were about two times higher than the mobilities deduced€ing ionized. We model our system assuming a uniform
from experiments. Temperature-dependent mobilities calcudistribution of a positive charge in a thin layer
lated in Ref. 2 were also higher than the measured ones. Aldo~ do=<2z=<do).
the theoretical mobilities presented in Ref. 3 for low electron 10 find the subband structure ofsadoped semiconductor

concentrations ins-doped GaAs exceed the experimentalWe use the envelope-function method as well as the single-
data. particle approximation. To avoid a self-consistency problem
In our case one of the reasons for the discrepancy mef¥Nen determining the confining potenti(z) we use the

tioned above is the enormously high electron mobility in theThomas-Fermi(TF) approximation(see Ref. 1 for detai)s

first excited subband. This is due to the fact that the wavel hfz) t_h;efj;‘(’ém_GTZj')O”@L;:g"i; pensly saes e fom
function of the electrons in the first excited subband has aP /.. D 10 ’ : il P .
node at the doping plane. Thus, the potential associated wi jon.  Similarly, ‘the density of ionized acceptors is
ionized donors experienced by these electrons is weak. O -A(Z):nAﬁ(d_M)’ whered is determined by the condi-

. . . A ) ion that forz=d, V(z) approaches its bulk valug,, i.e.,
ten, in reality the doping profile differs from the intendéd he bottom of the conduction band at largeThe p(C)tentiaI
function and is characterized by some smearing o

S8t . . ! .~ V(2) is shown schematically in Fig. 1.
dopants.”" It is evident that a less sharp doping profile will - “7he electronic states of 2DEG are described by the fol-

result in a reduction of the mobility of the electrons men-|oying envelope functions and the corresponding eigenval-
tioned above due to nonvanishing overlap of their wave,es[p=(x,y), k= (ky,ky)]:

functions with the ionized-donor distribution.

We now calculate the low-temperature 2DEG mobility in 1 #2k?
5-Si-doped and in addition weakly-type GaAs, solving the bn(r)=5_expik-p)hy(2), En=Ent 55— (1)
Boltzmann equation in the relaxation-time approximation us-
ing one-, two-, and three-subband models depending on thehereh, andE, are solutions of the one-dimensional Schro
population of the subbands. In contrast to our previous caldinger equation written in the effective-mass approximation
culations, where genuiné doping was considered, we as- with V=V(z). Note thatE,, represents theth subband
sume now that the electrons are scattered from ionized dovhose bottom i€, . To determineh,(z) andE,, we use a
nors which are spread at uniform density over some distanceariational procedure taking the solutions for the square-well

Finally, we discuss the possibility for the observation of problem as trial functionfEgs.(7)—(11) in Ref. 1].
discontinuities which are exhibited by the mobility each time  We restrict ourselves to th€E=0 case and calculate the
the Fermi level coincides with the bottom of a subband. Samobility limited by Coulomb scattering. The ionized Si do-
far, these discontinuities have been studied theoretically asors are spread out uniformly over a distanack,2whereas
well as experimentally in the case of 2D electron systems irtharged acceptors are distributed over a distances@e Fig.
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FIG. 2. Calculated transport mobilities of the 2DEG in
5-doped GaAs with background acceptor concentration
na=5x10% cm™2 as a function of the areal donor concentration
Np. The width A, of the square-shaped donor distribution is 0
(curve 1, 50 A (curve 2, and 100 A(curve 3.

m E-E, \?
P (B)= o3 WE-En)| £
n

FIG. 1. Schematic sketch of the potenti4|z) experienced by
electrons in ad-doped semiconductor with nonvanishing back-
ground acceptor density and a finited? width of donor distribu-
tion.

2w
’ 2
1). We have checked that for typicAlp=2dynp and np x fo dd’f dzrb(z)|Veﬁnn,(q 12)|*cosp.
values, say 1% cm 2 (and higher and 5< 10 cm™3, re-
spectively, one can ignore the scattering from the acceptors 6
and take into account the scattering from the donors only. The arguments of the Fourier transforms of the
The low-temperature transport mobilify and the Hall  gffective potential are q=+2k(1—cosp)*? and

mobility wy are given by q’' = (k2—2kk'cosp+k'2)¥2  where k=[2m(E—E,)/
) #2]Y? andk’ =[2m(E—E,)/#?]Y2.
_ Ziniui(Ef) _ Ziniui(Er) 5 Proceeding along the same lines as in Refsde Egs.
o3n ’“H_Ejnj,uj(EF)’ @ (13) and (14) therein we assume a linear relationship be-

tween the matrix elements of the impurity potential and the
where u; is the mobility in theith subband, and; is the effective potential experienced by electrons. However,
concentration of electrons in this subband. The mobility isv,(p) and their 2D Fourier transform¥,,, (q) therein

related to the relaxation time in théh subband by should be replaced here by
e
Mi(E):%Ti(E)- ) Vnn’(P1Z):f dz’hi (2 )V(p,2' —2)hy(2') (1)

and appropriate Fourier transforms with respect toghari-
able, i.e..V,,(q,2).
In our numerical calculations we use the dielectric matrix

The relaxation times; satisfy coupled linear equatiots

P.(E)7m(E)— E Pon(E)m (E)=1, (4) obtained in the random phase approximatiB®A) (Ref. 9;
n’#n see also Ref. 1 for detajls
Low-temperature mobilities limited by the Coulomb scat-
whereP,(E) andPn (E) are E=Ey) tering are calculated numerically from formulé®—(7) and
plotted as functions of areal donor concentratigin Fig. 2

m 2 - . . .
P (E)= d J' dzm(2) |V 2)|2(1— co (transport _m_c;bll|ty, Fig. 3(|—_Ia|| mobility), gnd Fig. 4(sub-
n(E) 277%3.[0 ¢ (2)[Ver,, (6,21 ) band mobilitie for the dopingn™-layer thickness equal to
0, 50, and 100 A.
m The dependence of transport mobilities on doping
+ ~ 72 19 E_ E !
2wﬁ3n§n ( ) n*-layer thickness is graphically shown in Fig. 5.
The areal electron concentratioppgg is less tharNp by
(5)  about 7x 10'* cm~2 for the considered values My and

2
% [ a9 [ dzno(@IVer, @' 2
0 do.
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FIG. 3. Calculated Hall mobilities of the 2DEG iA-doped
GaAs for the same cases as in Fig. 2.
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FIG. 5. Calculated transport mobilities of the 2DEG in
S5-doped GaAs as a function of the widtll2of the square-shaped
donor distribution. Areal donor concentration$y: curve a,
610" cm™2; curveb, 3.7X102 cm~2; curvec, 3x 102 cm™%;
curved, 2.3x102 cm™~2; curvee, 1.7<10* cm~2; and curvef,
1.3x10% cm 2. The background acceptor concentration is
na=5x10%cm~3,

The significant scatter among the measured
mobilities”#16-2lcan be attributed to uncertainties in speci-
fication of sample parameters. For this reason any compari-
son with theoretical calculations should be considered to be
qualitative rather than quantitative. The results of our previ-
ous calculation'sof the 2DEG mobility in a trulys-doped
semiconductor exceeded the experimental data by a factor of
2. Our present theoretical calculations indicate that introduc-
ing broadening into thed-like doping profiles (real
S-doping semiconductdrwould reduce both the transport
and the Hall mobilities for some electron concentration by up
to 30% and 50%, respectively, when the donor smearing is
about 50 to 100 A. Note that smearing by 50 A cannot be
detected reliably in experimerfts.

By introducing broadening into the doping profiles we are
able to explain, at least for higher 2DEG concentrations, the
experimentally observed inequaliy,> w,. For genuines
doping we havku;> u, (see also the discussion in Rej. 7
One of the ways to broaden the doping profile is annealing.
Recently, it was observed that after annealing the mobility in
the lowest subband increases by a small amount but the mo-
bilities in the higher subbands decrease strofiglyThe re-
sults of our calculations are in accord with these observa-
tions: uy and w4 behave like that with increasing doping-

FIG. 4. Calculated subband mobilitigg in 5-doped GaAs for layer thickness.

the same cases as in

Fig. 2.

Due to structure in the density of states, the low-
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temperature 2DEG mobility exhibits discontinuities as atively (A denotes here the donor spreatihe 2DEG mobil-
function of electron concentration each time the Fermi levelty in a sample with NS<Np<N2 will experience a
coincides with the bottom of a subband. Theoretlcally Ob-discontinuity in an otherwise smooth dependence on doping_

the best of our knowledge, so far there has been no experjyi|| not be present foNp other than that mentioned above
mental evidence for these anomaliesurin 5-doped semi-  (see Fig. 5 Note that the calculated jumps in mobilities

conductors. : .
. . . Fig. 5 are much largefby a factor of 4 than the error in
We believe that the drops in the mobility are detectabl ( ogst Se)xperiment 20 getby Y

experimentally. This could be achieved by employing an-
nealing, which gives rise to broadening of the doping profile  This work was partially supported by grants from Consejo
and what follows modifies the position of the Fermi level. de Desarrollo Cierfico Humanstico y Tecnolgico de la
Let N5 andN3 be the areal doping concentrations at whichUniversidad de Los Andes, Mea, Venezuela and State
the Fermi level coincides with the bottom of a given sub-Committee for Scientific Research, Polaihb. 3 P407 028
band, in the cases of realistic and genuéhdoping, respec- 07).
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