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The band structure of compensated n-i-p-i doping superlattices has been investigated for the first

time by using the multistep-potential approach as the real potential form and by using numerical
calculations. The dispersion of compensated n-i-p-i superlattices is shown to be stronger than that
of compositional superlattices. The Srst three allowed conduction minibands and forbidden rnini-

gaps as functions of period length L are presented.

In recent years there has been great interest in both
theoretical and experimental studies of doping superlat-
tices. ' The n i p -i-d-oping superlattices are systems
composed of a periodic sequence of ultrathin n and-@-
type doped layers with intrinsic layers in between. 3 In
addition to the properties of the compositional superlat-
tices, doping superlattices, however, show a number of
novel properties related to the electrostatic origin of the
superlattice potential. The lowest electron and the up-
permost hole subband states are locally separated from
each other. The efFective energy gap as well as the elec-
tron and hole concentration can be varied arbitrarily over
a wide range in n-i-p-i superlattices either optically or by
carrier injection into the bulk. These unique features
open a new field for both basic research and device appli-
cation.

Although n -i -p-i superlattices have been discovered for
a few years, many important physical properties are still
unknown because of their complicated structures. To our
knowledge, the most important properties —the disper-
sion, 111iniband structure, and, consequently, the efFective
energy gap of n-i-p-i superlattices —have never been
carefully investigated previously. One usually uses an un-
coupled quantum well to estimate the energy levels. By
the approximation of an inSnitely deep quantum well, the
harmonical-oscillator-type energy levels have been wide-
ly used, 9 which can be written as

E„=(v+ ,' )%to, —v=0,1,2, . . . (1)

where to=(4trntpe /m, e)', and m, and e are the elec-
tron efFective mass and dielectric constant, respectively.
It is obvious that this approximation is not valid in many
cases. First, when the period length is small, the infinite
potential well is much too strong compared with the real
potential, which is finite and periodic. Secondly, there is
no dispersion in energies for electrons and holes under
this approximation. As we know, the dispersion in ener-
gies for electrons and holes in a periodic potential always
exists.

In this paper, by using the multistep-potential ap-
proach proposed by Ando and Itoh' as the real poten-
tial, we calculate numerically the band structure of com-
pensated n-i-p-i superlattices. The first three allowed
conduction minibands and forbidden minigaps as func-
tions of period length 1. are presented. For comparison,
we also calculated the band structure of n- and p-type
doped superlattices without intrinsic layers in between
(d; =0, n -p superlattices).

The potential form for a compensated n i p isu-p-er-lat-
tice (ried„= n „dy ), as shown in Fig. 1, can be written as

V(x)= Vz(x mL), L/—2&x m—L &L/2 (2)—

with m being integers (m =0,+I,+2, . . .) and x being
the coordinate in the doping direction, and

In„(d2/4 [x (2)+—nDd„(d„/4+d;)), )x [ &dy/2

Vz(x)=(2tre /e)X {n„d~(dy/2 [x [
)+tt—zdn(d„/4+d;) j, dy/2& [x ) &d~/2+d;
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Here d„, d~, and d; are the width of n-type doped, p-type
doped, and intrinsic layer materials, respectively. nD and
n z are the n- and p-layer doping concentrations.
L =d„+d&+2d; is the period length.

Using the transfer-matrix method, "' and the con-
tinuity conditions of wave functions and their derivative
across the interfaces, we can obtain the dispersion rela-
tion from the following equation:

cos(qL ) =—,'Tr(M),

where M is the transfer matrix which connects the con-
stant coellicients in the solution of the Schrodinger equa-
tion in the nth period to those in the (n —1)th period and

q is the wave vector. By using the multistep-potential ap-
proach' with 200 steps in each period as the real poten-
tial, we can easily obtain an expression for the matrix M.
The dispersion relation has been numerically evaluated
from the expression of M. In this paper, the calculations
are performed for the compensated n-i-p-i GaAs super-
lattices. The dielectric constant e and electron efFective
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FIG. 1. Band proSe of the compensated n-i-p-i seauconduc-
tor superlattice with d; =d~=d„=I./4, and I. is the period
length.

mass m, are 12.5 and 0.067mo, respectively, ' ' where

mc is the electron mass in free space.
Figure 2 shows the dispersion of conduction minibands

with an=n„=10's/cm3, d; =d~=d„=L/4, (a) L =120
A,, and (b) L =400 A. The dashed lines represent the en-

ergy levels of E„in Eq. (1). In Fig. 2(a) we have v=O and

1, and in Fig. 2(b) we have v=O, 1, and 2. From Fig. 2(a)
we can see that when the period length L is small, the
dispersion in energy is very large even for the lowest sub-

1SO (o)

bands (n = 1 and 2). The energy levels E, lie between the
energies at the center of band and edge of band. The
ground-state energy is about 16 meV below I tie. |"om-
pared with GaAs Ga, Al As compositional superlat
tice of the same periodic length L =120 A and x -0.3,
the dispersion of the n-i -p-i superlattice is much stronger
than that of the compositional superlattice. As we
know for the compositional superlattice, the dispersion of
the n-i-p-i superlattices is also larger for higher sub-
bands. For the large period length L (=400 A), Fig. 2(b)
shows that the dispersions for the three lowest subbands
(n =1, 2, and 3) are very small. The subbands are always
located below the corresponding energy levels of E„. The
di8'erences between the subband energies and E, are
smallest for the lowest subbands and increase for higher
subbands. From Fig. 2 we can see that even for the n i-
@ isu-perlattice with relatively large period length, the ex-
pression of E„=(v+-,')A'm for the energy levels is not a
good approximation for higher subbands, thus pointing
out the importance of the present calculations.

Figure 3 shows the fjIrst three allowed conduction mini-
bands (shaded area) and minigaps as functions of period
length L with nD =n „=10' s/cm' and d, =d =d„=L /4.
The dashed lines are the energy levels of E„with v=0, 1,
and 2. Note that the energy is measured from ihe bottom
of the potential well and this position varies for difFerent
L The ad.vantage in presenting the results in this way is
that the energy levels corresponding to the in5nitely deep
quantum we11, E„,are straight lines in the 6gure. This al-
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FIG. 2. Dispersion of conduction bands vrith

nz ——n„=10' /cm, d;=d~=d„=L j4, and (a) L =120 A, (b)
L, =400 A. Dashed Hnes ere the energy levels of E =(v+ 2' )flu

with v=0 and 1 for (a) and v=0, 1, and 2 for (1).

FIG. 3. The Srst three allowed conduction minibands (shad-
ed area) and n&inigaps as functions of period length I. with
n& ——n& ——10' jcm', d; =d~=d„=I./4, and L, =400 A. Dashed
lines are the energy levels of E„=(v+ 2' )Am with v=0, 1, and 2.
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TABLE I. Energy of the electron (meV) at kL =0 and kL =m of the Srst 6ve mimbands for n-i -p-i
0

and n-p superlattices arit L =400 A and n~ ——n z ——10'8/cm'.

n-p (d;=0) n-i-p-i (d; =L/4)
kL =0 kL =m

n=1
n =2
n =3
n=4
n=5

20.2915
60.5693
98.620

134.593
148.39

20.2926
60.5344
99.309

128.795
167.94

19.4714
55.2661
82.646

113.596
121.20

19.4775
55.0379
85.145

102.597
145.79

lows us to make a comparison easily. A few important
results can be obtained from Fig. 3. First, when the
period length L is large, the band levels approach the en-
ergy levels of E„and the widths of the subbands ap-
proach zero, as they shauld. Second, the ground-state en-
ergy monotonically decreases as L decreases. The fast
decrease starts at about L =320 A. The widths of the
subbands increase and the minigaps decrease as L de-
creases. Third, except for the ground state, energies at
the center of band and edge of band, have minima at
different period length L. This behavior can be under-
stood by realizing that the energies at the center of band
and edge of band depend on the period length L and pa-
tential height Vo, while Vo here is related to L. As L in-
creases, the well width increases, thus decreasing the en-
ergy levels. Meanwhile, potential height increases as a
result of increasing L, and this increases the energy level.
The dependence of energy levels on L is determined by
these two competitive factors The .dependence of the en-
ergy level at Eo on L can be written as

aE aE ~Vo

aL+ av, aL

and we nate that these two terms have the opposite signs.
The minima in Fig. 3 correspond to the positions of ener-

gy Eo with dE/dL
~ E s ——0. For the ground state, be-

0

cause the energy level lies very close to the bottom of the
well, the second term is dominated and so the energy
monotonically decreases as L decreases Fourth. , at about
L =180 A, n =2 and n =3 subbands overlap each other.
The same behavior occurred at about L =80 A for n =1
and 2 subbands. We can write the number of subbands,
N, as a function of L as

0 otherwise. L; is about 80 and 180 A for i =1 and 2, re-
spectively.

To see the eftects of the intrinsic layers, we also calcu-
lated the band structure of n -p superlat tice with
d„=d =L/2. The results for the n i p ia-n-d -n psup-er-g
lattices are listed in Table I. From Table I we can see
that the intrinsic layers decrease the energy levels. For
L =400 A and nD n„=——10' /cmi, there is about an
0.8-meV shift at kL=O and kL=m for the n =1 sub-
b@nd. This shift increases as n increases. For n =5, the
shifts are 27.19 meV at kL =0 and 22.15 meV at kL =m.
Also, the dispersion is larger for the n i p is-u-pe-rlattice
than for the n-p superlattice, so the n-i-p-i superlattices
have a relatively weaker con6nement to electrons and
holes compared with n @supe-rlattices. This can be un-
derstood because the potential height of the n-p superlat-
tice is higher than that of the n i p is-up-e-rlattice.

In conclusion, we have calculated the dispersion in en-
ergies and miniband structures of compensated doping
superlattices. The method used here is simple, but
e6'ectively gives very accurate results. The results ob-
tained here were compared with energy levels of
E„=(v+—,')%co, which shows that E„ is not a good ap-
proximation in many cases. The first three allowed mini-
bands and minigaps as functions of period length L were
presented. The effects of intrinsic layers to the band
structure were also investigated. These results are impor-
tant both in the basic research and device applications.
The detailed calculations and the band structures for
difFerent doping concentrations, and the effective energy
gap of the heavy and light holes as functions of period
length and doping concentrations, will be presented in a
forthcoming paper.

N(L) =1++8(L—L; ), (5)
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