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Thomas-Fermi approximation in p-type édoped quantum wells of GaAs and Si
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Thomas-Fermi calculations of the hole subband structupetiype 5-doped Si and GaAs quantum wells are
carried out for different values of impurity concentration. Results are compared with previous self-consistent
calculations and with some experimental reports, and very good agreement is found. In particular, the result of
hole ground level from this model is exactly equal to the value reported for the experimental system with the
smallest impurity spreading that has been achief@@163-182808)04507-X]

I. INTRODUCTION paper, it gives very good results in some cases.

In recent years, as a natural development of the increasing Il. MODEL
precision of modern molecular-beam-epitaxy growth tech- .
nigues, the doping of semiconductors down to atomic reso- Here and_ h_encefort_h we assume to be in the low-
lution (5-doping has become possible. Work ahdoped temperature limit. In an_ldeal, unlf_orm electron gas, the num-
structures was initially om-type structures, and has allowed ber of electrons per unit volume Is
one to study the subband spectra and mobilities of these 3 3
systems through electrical and optical measuremiefits. n= i 4_77 Pr = i PF

p-type 5-doped GaAs quantum wells can be made with (2m)® 3 4% 37248

Be, Si-acceptor, and C layets’ They are suitable SyStemS.wherepF is the radius of the Fermi sphere in the momentum

for the study of the physics at extremely high carrier densi- . .
ties, and for potential technological applicatio@sRET 219 space. If we consider the gas as locally homogeneous, i.e.,
ALb-FET 11 gtc) ' that the ideal gas approximation be valid at each point, then

@

Another system of this kind, which is only beginning to 1 pi(N)
be investigated, is the-5-doped Si quantum well. For in- n(f=— Pr 2
stance, the Bs-doped Si quantum well features a situation 3w 43

where the interesting extremum of the band structure is Io=|.he probabilityl  (5)dp, that the momentum of the electron

calized at thd™ point of the Brillouin zone, for the valence :
band. This situation is the same as the one that occurs in thhe"’lS a value betweep andp-+dp, is

p-type §-doped GaAs quantum well, and is exploited in re- 4mpPdp
cent self-consister(iSC) calculations of the electronic states I (p)dp= —— 0(p—p). (3
in both system&?-* 4l3mp

The use of the Thomas-FerrfiiF) approximation to cal-
culate the energy spectrum in n-typedoped quantum wells
was presented for the first time by lorialti. That work
turned out to be of great importance because for a sel

If the light-hole (Ih) and heavy-holéhh) bands are con-
sidered as independent bands, the kinetic energy for a single
fhole can be written &8

consistent, analytically expressed, potential was presented, me. | 3/21-2/3

providing a very useful tool for the theoretical and experi- 1+ —) }

mental study of those kinds of systems. This potential arises t= Mhn f PF “dp

in the framework of a quasiclassical approximation as the 2mmp e 0
Thomas-Fermi equation results to be, and it directly comes 321213
from the simultaneous solution of both the Poisson and [3m27%n(r)]%% 1+ %) }
Schralinger equations. M

The present work is intended to provide a procedure for = 1072m i . 4
the calculation of the energy levels mtype 5-doped quan- h
tum wells along the lines of the TF approximation, for bothIn the above expressiomy;,, and my,;, are, respectively, the
Si and GaAs. This reveals to be a simpler way, alternative teffective band mass of the light holes and the effective band
the self-consistent calculations and, as shall be seen in thimass of the heavy holes.
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The kinetic energy functional is

[ ( mlh)slz
o hh
f tdr= 10m,

—2/3

T=

fn(z)[3w2ﬁ3n(z)]2’3dz.
5

The potential energy associated with the interaction between
the electron gas and the plane of impurities is described b

the following functional of the density,

2

Ven=f n(r)VN(r)dr=27Te HZDJ n(z)|zldz, (6)

BRIEF REPORTS

6287

2 2
Noplz|—

V(z)=27Te Jn(z’)|z—z’|dz’. (12

So it is possible to write

= i[37T2ﬁ3n(z)]2/3+V(z), (13
Mpp

nd, with the use of Eq13) in Eq. (11), we finally arrive at
he differential equation fo¥(z):

312
my, ) }
Mpn

37h3

B?V(z)  4e? mhhz[“
.

[n—V(2)]%?

€r

and the energy functional which corresponds to the electron-

electron interaction is

Ve 2e,f f n(r’ )n(r)

@)

47e?

+ Nopd(2). (14)

r

For this type of equations, solutions of the form
1/f4(z)—where f(z) must be a linear function ot—are
proposed. Due to the presence of thiinction, the specific

Here it is assumed that the electrons are in a homogeneotfisrm in this case is

medium of dielectric constant, (the so-callechydrogenic
mode).

Going over polar coordinates and taking the limit of infi-
nite radius, the expression for the potential energy functional
is written as(if the term corresponding to the energy associ-

ated to electron self-interaction is neglegted

n(z)n(z')|z—z'|dz dZ. (8)

Therefore, the TF energy-density functional is given by

mlh ) 3/2} —-2/3
Eqe= 102: fn(z)[3w2h3n(z)]2/3dz
hh
e2
+ nZDf n(z)|z|ldz
r

n(z)n(z')|z—z'|dzdZ. (9)

As it is known from TF density-functional theory, the
functional derivative ofE{x with respect to the density is
identified with the chemical potential

2

V(z)—p=————, (15
B 20
and the substitution in Eq14) gives
M 3/2
2 mhhz[1Jr ) }
e Mpyn (16
& 15743 '
If the system is required to be neutral, it is obtained Zgr
262 3\ 1/5
o= meyp ' (17)

Expressiong15)—(17) resume the results of the model. With
the use of the TF potential(z) obtained above, a Schro
dinger wave equation is numerically solved in order to look
for the energy levels in the well.

Ill. RESULTS AND DISCUSSION

In our model,u is assumed to be very close to the band.
This is something that is verified when self-consistent calcu-
lations are performed for these systems. For that reason, we
take the origin for the energies at the top of the valence
band!?4

A. B-6-doped Si quantum well

In Table I, TF numerical results for the first energy levels
of light and heavy holes in a B-doped Si quantum well are
presented as functions of the two-dimensional carrier con-

The spatial band bending is described by a Poisson equatiantrationp,p together with the results obtained via self-

. M, )3/2}2/3
Mpn 21 ez
- [372h%n(2) 1%+ ——nyl7]
hh
2me?
- fn(z)|z—z’|dz. (10
]
d?V(z) 41re ( )+4'n'e 5(2) a1
= n(z n 2);
dz € €y 2D

then

consistent calculation. We use the following input param-
eters: mj,=0.52m, and mj;,=0.16m,, m, being the free-
electron masse, =11.7, and X 10" cm™2<p,p<1Xx10*
cm™2. This interval forp,p includes its experimentally in-
teresting values. The ground levet,,) and first excited
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TABLE I. Energy levels Enno,Enn:Eing) in meV obtained by TABLE Il. Energy levels Enno,Enns,Eing) in meV obtained by
means of the self-consiste(8C) and Thomas-FermiTF) calcula- means of the self-consiste(8C) and Thomas-Ferm(iTF) calcula-
tions for ap-type B-6-doped Si quantum well, as functions of the tions for ap-type Bed-doped GaAs quantum well, as functions of
impurity concentratiorp,p . the impurity concentratiom,p .

p2D Etno Enno Emnt Ennt Eino Eino p2D Etvo Enno Ennt Emnt Eio Eino
(10*2ecm? (SO (TH (SO (TF (SO (TF) (102em? (SO (TH (SO (TH (SO (TP
2 8.1 8.3 35 4.9 2 7.5 7.7 1.5 3.0
3 11.9 121 5.9 7.4 3 111 112 3.2 45
4 15.7  15.9 8.5 9.8 4 147 147 4.9 6.0
5 195 195 111 123 5 183  18.1 6.8 7.6
6 233 231 13.7 147 6 21.7 215 8.4 9.2
7 27.0 267 1.9 163 171 7 251 247 1.9 9.9 107
8 306 302 24 187 195 8 28.4  28.0 23 114 123
9 342 337 29 211 218 9 3.7 312 12 28 130 138
10 377 371 11 34 234 242 10 349 344 16 33 145 154
20 710 700 66 96 46.6 473 20 65.7 647 7.2 93 301 310
30 1025 101.0 135 168 69.1  69.7 30 948 933 139 162 455 46.3
40 132.8 1309 21.0 246 912 915 40 122.7 1209 211 237 607 616
50 162.2 159.9 289 328 1128 113.0 50 149.8 1476 286 314 758 76.6
60 190.9 1883 37.1 413 1341 134.1 60 176.2 173.8 36.4 394 90.7 916
70 219.1 2161 456 50.0 155.1 155.0 70 202.1 199.4 444 476 1056 106.4
80 246.7 2434 542 587 1759 175.6 80 2275 2246 526 559 1204 121.2
90 2739 2703 63.0 67.7 1965 196.0 90 2525 2493 60.9 643 1350 135.9

level (Epny) are reported for the case of heavy holes, but forevel and the top of valence band, in our calculation, is of

light holes onlyE,, is presented. This is becaug, for the ~ ~86 meV forp,p=2.4x 10" cm~2. Wang, Karunasiri, and
light holes is so close tq: that it is out of experimental Park® also obtained experimental intersubband absorption
interest. spectra in Bé-doped Si multiple quantum wells. They mea-

It is important to compare the results obtained by both TFsured ten periods of B-doped layers with a width of about 5
and SC calculations. As expected, numerical coincidence i8Bm. They reported a transition energy of 125 meV for a
better for ground states. In the case of heavy holes, TF cadoping density psp~0.7x10°° cm™3 (p,p~3.5x 10"
culation gives the best agreement with SC calculation foem™?). This is comparable to the transition energy of 116
lower values ofp,p. Differences greater than 1 meV are meV obtained in our calculation for the transition between
reported forp,p=3X 10" cm~?; but they remain below 4 the ground level and the top of the valence band.
meV. For light holes, TF results for the ground level show
better coincidence with SC values for gregtes. Neverthe-

. : B. Be-6-doped GaAs quantum well

less, the largest difference observed is only of 1.5 meV for P quantum w

pZD:3X 102 Cm72’ and, for the greater values of the carrier Table Il shows the same calculation in the case of a Be-
concentration, very good coincidence is obtained. 5-doped GaAs quantum well. Here the valune§=0.62m,,

Comparison of the energies of the first excited level formjj,=0.087,, ande, =12.5 are used.
the heavy holes do not give so close an agreement between A similar discussion can be made here, concerning the
TF and SC. The best coincidence is again obtained for theomparison between our TF results 4,9, Epn, @ndEj,
greater values gb,p. However, in the best case, both resultsand those obtained via SC calculations. Valueggf show
differ by no more than 10%. It should be remembered thabetter coincidence than in the 5-doped Si system fop,p
our values for the energy refer to the Fermi level. If another<10'%m™ 2. The same can be said with respect to the values
origin for the energy were choséfor instance, the bottom of E;, but for values ofp,p<7x10% cm 2. For higher
of the wel), the value ofE,; would be larger, and so the values of the concentration, coincidence between TF and SC
relative difference between both results would be smallercalculations is almost the same for both systems. In the case
For the same reason, in Table I, SC results By, are  of E,;;, that coincidence is better in the 5-doped GaAs
reported starting fronp,p=10" cm 2. SC values of first quantum well, for the whole range of concentration consid-
excited energy level below 1.0 meV are not realistic becausered.
the method itself allows an approximate precision of 0.1 Recently, Sipahiet al'® developed a method which al-
meV. lows one to calculate potential profiles, subband structures,
Zhu et all” made Bs-doped Si with a Schottky barrier. and Fermi-level positions ip-type 5-doped quantum wells.
They showed shifts of the conductance peaks in the spectfBheir numerical results are in very good agreement with
with a peak doping concentration @kp~2x10?°° cm~3,  photo luminescence experimental results Egfy— E;no, but
and doped thicknesses of 1.2 nm. The activation energy rehe method and the model considered are quite complicated
ported is 110+ 20 meV. The difference between the basicin comparison with our approach, though more complete.
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Wagner Ruiz, and Plodd grew Al,_,GaAs/  reported in that work, the spacing between both levels is
GaAs/Al _,GaAs quantum wells in which they placed a =19 meV. Thus our numerical values are in quite well
Be-doping spike with an intended dopant density of 8agreement with the experiment, even when, in our case, no
X 102 cm~2 at the center of the GaAs layer. dopant spread is considered.

The width of the doping spike measured by secondary-ion More significant is the comparison with the data of Da-
mass spectroscopy was found to be less than 10 nm. The twenet al,?! because in that experiment tidavell approxi-
emission peaks observed were assigned to recombination ifation is more closely resembled as the dopant spread is
volving two different hole subbands. If the energy differenceomy between 9 and 25 A. These authors have grown Be-

between the two subbands is just given by the peak energy qoped GaAs with g-doping density in the range from 6
difference, a subband separation of 36 meV was found. Alx, 1412 15 2% 10% cm 2. They observed that in this system

though our calculation refers to a simpler system, nartigly there are two levels fap,p=6x 1012 cm~2. The Fermi level

strict & doping without considering the spread of the is close to the last level. The difference between the Fermi

dopands, andii) the § well in a GaAs matrix, not inside a . . -
; X . _level and the basic level is 21.5 meV. For densities up to
guantum well, we find an energy difference between the firs 5 .
X 10" cm™~2, several more hole levels are claimed to be

and second hh levels of 25.6 meV, which gives a plausible b d without furth tication. | lculation it i
approximation. observed without further specification. In our calculation it is

Richardset al2° studied the subband structure of a quasi_impossible to observe levels higher than the Fermi level, but
two-dimensional hole gas formed at a single 8doped the difference between the Fermi level and ground level is
layer in GaAs by means of photoluminescence spectroscopfPout 21.5 mev. . .

They also performed self-consistent subband energies calcu- AS @ final conclusion of the present work, it is possible to
lations. For an & 10" cm~2 acceptor concentration, with a say that TF calculations for the hole energy levelpitype
dopant spread of 2 nm, their SC result for the differenced-doped quantum wells of Si and GaAs are plausible and
Enno— Eino is =15.1 meV. Our TF result for that difference very accurate, and provide a rather simple way to obtain
is 15.7 meV and our previous SC resfilis 17 meV. Ac-  valuable information of the subband structure in those sys-
cording to the photoluminescence spectroscopy experimentems, in comparison with other approaches.
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