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Charge injection over triangular barriers in unipolar semiconductor

structures
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A theory of unipolar current over triangular barriers in semiconductor structures is developed.
Diodes based on such barriers have been recently fabricated by molecular beam epitaxy using
either variable-gap or modulation-doped semiconductors. In these diodes the current is due to
unipolar injection of electrons. Exact analytic expression for current-voltage characteristics is
obtained. Comparison is made with recent experimental data.

PACS numbers: 85.30.Hij, 73.40.Lq, 73.40.Ei

The purpose of this letter is to draw attention to the
importance of the phenomenon of charge injection in unipo-
lar semiconductor structures. By charge injection we mean
the thermionic emission of electrons over a barrier in a uni-
polar semiconductor structure when the barrier height is ef-
ficiently controlled by an applied voltage. In a certain sense
one can say that such a phenomenon is not new. Indeed, in a
forward-biased Schottky diode, electrons are injected into
the metal from the semiconductor. However, because of the
large concentration of electrons in the metal, the injected
charge produces no tangible effect on the metal conductivity
near the boundary. No charge injection into the semiconduc-
tor occurs in a reverse-biased Schottky diode (neglecting a
small effect of image-force barrier lowering), and current in
this case is limited by thermionic emission over a barrier of
fixed height.! A similar situation takes place in all-semicon-
ductor analogs of Schottky barriers such as camel diodes?
and n-n heterojunctions.® As before, injection takes place
only in the forward-bias regime.

A triangular barrier (TB) structure with finite slopes on
both sides possesses a fundamentally new feature: injection
of charge in both directions, including injection into a high-
field region of the semiconductor. Experimental realization
of such structures was first reported in Ref. 4 using a vari-
able-gap material (GaAlAs with variable Al content) and
more recently in Ref. 5 using a charge sheet built in a homo-
geneous intrinsic GaAs by modulation doping. In both cases
an undoped TB was sandwiched between two n-type layers.
The IV characteristics of TB’s show exponential growth in
both directions and for a sufficiently asymmetical TB rectifi-
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cation was observed.*” In this letter we outline the theory of
charge injection over TB, leaving a fuller account for a sepa-
rate publication.

We restrict our attention to the charge-sheet TB, ex-
perimentally realized in Ref. 5 (the theory is readily extended
to the case® of a variable-gap TB. The structure is shown in
Fig. 1{a). It represents a nearly intrinsic 7 layer of thickness
L ~{2-3)%107° cm sandwiched between two n-type layers
of low resistivity. In the process of growth by molecular
beam epitaxy (MBE) a p*-doped layer of thickness §<L is
built into the / region. Acceptors in the p* -layer are com-
pletely ionized forming a charge sheet of surface density &
which gives rise to a TB with the shoulders L, and L, and the
height approximately equal to L L,/€L, where € is the di-
electric permittivity. The typical value of Z used in Ref. 5
was X /g~ 10"2cm ™ ?, and the thickness § of the charge sheet
can be as small as several interatomic distances. The ratio
L,/L, can be varied in a controlled fashion from unity to
about 10. The charge, field, and potential distributions [Figs.
1(b)~1(d})] are described by the Poisson and the drift-diffusion
equations which are adequate on the uphill slope of the bar-
rier and on the lower part of the downhil} slope where the
electrons are no longer hot. Electrons moving with the satu-
ration velocity on the upper part of the downhill slope give
negligible contribution to the field. Eliminating the electron
concentration from the two equations one obtains

1 2E]

1
3 ox (1)

J=pue 9 [le * 4
Ix
where J is the current density, u the mobility, and 8 =q/kT.
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FIG. 1. Schematic diagram of a charge-sheet TB structure (a); charge densi-
ty (b); electric field (c); and electrostatic potential (d) distributions. Dashed
and solid lines correspond, respectively, to the cases of equilibrium and
forward bias.
Atx = L, + 6/2(see Fig. 1), the field E experiences a discon-
tinuity E, — E, = % /€ due to the charge sheet of surface
density 3, where E,=E(x =L, — §/2)and E,=
E(x =L, + 8/2). With 3 /g~ 10'? cm ™2, the discontinuity
in the field E is of order 150 kV/cm. When integrated over x,
Eq. (1) becomes a nonlinear, first-order differential equation
of Riccati type and its solution is of the form®

POTENTIAL
PROFILE

J

2E, \2
V= —|E|L, + k—Tln[—’[l + (i) e' “E/Eo’*]m — [(
q E, E,

Equations (5) and (6) together with the condition
¥, — ¢, = V and Gauss’s law E|, — E, = 3 /e give the di-
ode’s I- ¥ curve in a parametrical form in which both 7and V'
are determined in terms of a single dimensionless parameter,
say, E\/E,.

For sufficiently steep slopes, E ? > 4kTN, /¢, this pa-
rameter can be eliminated analytically, and the I-¥ charac-
teristics reduce to the simple form

J=A *Tzeﬁ(w(,—sV’/quL’)[eaw, _ e—BVIZ]’ (7)

where 3, is the zero-bias barrier height and /,,/, are effective

dimensionless lengths of the barrier shoulders
L

i 23 L,
L == 4 (1 —2—').
L ' gLN, L ®)

The first, “geometric” term in (8) corresponds to a simple
model, used in Ref. 5 for a rough interpretation of the experi-
mental data, which neglects the finite space-charge widths
near x = 0 and x = L. This model can be formally obtained
from Eqs. (7) and (8) by letting N,— oo. However, as stated
above, in this limit Eq. (7} is invalid and the exact expressions
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E (x) = E,[coth(BE.x + §,) — (J /JBE\x], 0<x<L,, (2)

where J,=eupE ; .The field E (x) in region L, < x<L, where
L =L, + L,, is obtained from (2) by changing the subscripts
1—2and x—x — L. Terms of order {J /J,)* were neglected in
(2), since J&J, for TB’s of practical interest and realistic cur-
rent densities. Equations relating the constants of integra-
tion &; and E; (i = 1,2} are obtained from the continuity of
E (x) and electron concentration at x = 0,L:

& — B, — 1 = (E,/E,f'coth’E,, (3)
¢ = (E,/E,f'sinh—*¢,, (4)

where EJ = kTN, /e with N, being the donor concentra-
tion (E,~ 60 kV/cm for N, ~ 10'® cm ™), and the ¢,’s de-
scribe the total drop of the electrostatic potential in the n
layers on each side of TB, see Fig. 1(d). The electron concen-
trationn = — (€/q)dE /dx is found by differentiating Eq. (2).
The first term in (2) leads to a barometric formula with the
imrefs constant on each side and equal to the corresponding
bulk values. The second term describes the imref variation
due to current. If the effects of acceleration and heating of
electrons on the concentration near x = L, can be neglected
(i.e., when the downhill slope is gentle enough), then the cur-
rent-voltage characteristic is obtained by simply matching
the solutions for n(x) atx = L. In the opposite case of a steep
downbhill slope our theory is analogous to the thermionic
emission-diffusion theory of Crowell and Sze for Schottky
diodes,' and the following expression for the current is
found:

J=A*TY — P, (5)

where A * is an effective Richardson constant.! The poten-
tials ¢, and ¢, [see Fig. 1(d)] are given by

- \2 ,]1/72)2
_) o' TIE/Edl ] ] . (6)

(5) and (6) should be used. Physically, this means that for
N, >€E?/4kT the potential due to electrons which diffuse
into the i regions becomes important, while the approxima-
tion used in (7) corresponds precisely to the neglect of this
effect. Thus the geometric model® is never a valid approxi-
mation.
In Fig. 2 our theory is compared with the experimental
I-V curves® for the two diodes, A and B, which were of circu-
lar geometry with the diameter of 100 um. The experimental
situation for these diodes conforms to the thermionic emis-
_sion-diffusion theory described by Egs. (5} and {6). In calcu-
lating the -V characteristics we used the value 4 * ~44
cm ™2 K2, which was assumed in Ref. 5 and the experimen-
tal structure parameters except for the donor concentration
N, in the n layers. Our best fit corresponds to the values
N, ~7x 10" cm™?, which is about two times lower than
that assumed in Ref. 5. For small currents, outside the ex-
perimental range the log 7 vs V characteristics are linear and
the slopes are well described by the ideality factors 1//,, and
1/1,, cf. Eq. (8). However, the nonlinearity becomes quite
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FIG. 2. Theoretical and experimental log I vs ¥ characteristics for two
diodes A and B. Experimental data (Ref. 5) are shown in 4 for diode A and

in e for B. Solid lines represent our theoretical calculation according to Egs.

(5)and (6). A:L, = S00A; L, = 20004;3 /g = 102 cm 2. B: L, = 250 A;
L, =2000A; 5 /g =2%x10%cm™2
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appreciable at higher currents. At still higher currents one
must take into account the accumulation of carriers drifting
with the saturated velocity v, on the downhill slope of the
TB. These carriers screen the applied field which leads to a
degradation of the exponential /-V characteristic and its
eventual replacement by a linear law. It can be shown that
this effect becomes important at current densities J > J,_,
where J. = ekTv,/qL 2 ~10° A/cm?, which is outside the
experimental range in Fig. 2.

Discussions with S. M. Sze are gratefully
acknowledged.
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