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Conduction in Relaxation-Case Semiconductors
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It is shown that the diffusion term cannot be neglected in the differential equations
governing the relaxation case, even in the high-field limit. We present quantitative re-
sults of rigorous calculations including diffusion. Good agreement with experiments is
obtained for reverse bias, including the typical sublinear region. In forward direction
a superlinear region is found in disagreement with previous predictions of "recombina-
tive space-charge injection. "

Drastic deviations from familiar semiconduc-
tor behavior arise once the dielectric relaxation
time To = e/4no exceeds the minority-carrier
diffusion-length lifetime To

'2 T.his inequality,
TD & 7 p def ines the " relaxation case" which is
of great practical importance as it is realized
in low-conductivity materials and is assumed
to be valid for amorphous alloys. The sugges-
tion has even been made that threshold switching
is to be explained that way. ' General conclusions
have been derived by van Roosbroeck and co-
workers' from linearized approximations to
the nonlinear system of differential equations
governing transport in this regime. In giving
these explanations, several approximations were
made in Ref. 2 which, in particular, include ne-
glecting the diffusion current in regions of high
electric field. In this Letter we report the first
quantitative results of rigorous calculations. It
is shown that neglect of diffusion for forward
bias leads to false conclusions even in the high-
field limit, whereas the reverse-bias behav-
ior' ' is confirmed.

In the relaxation case, a common electrochem-
ical potential y„(x) =@~(x)=y(x) governs the re-
spective electron and hole densities n(x) and P(x)
also with an external bias applied. ' Hence, the
rate equation for free-carrier generation and re-
combination may be replaced by the equilibrium
condition n(x)p(x) =n =const. We assume equal
electron and hole mobilities p, „=p, ~ =p and equal
effective masses. This puts the intrinsic Fermi
level g(x) at midgap,

The two differential equations governing the re-
laxation regime assume an especially simple
form in terms of cp(x) and g(x).

(l) Poisson's equation, which gives the curva-

The driving force B&/Bx attains its maximum

(By/Bx)„= j(2n; tt) ' (4)

at the conversion Point x„' ' defined by y(x, )
= g(x,). There the conductivity goes through its
minimum afQjg 2n;pe, and changes from n to P
type. A conversion point is always present in a
sufficiently long specimen with one minority-
carrier —injecting electrode. Detailed inspection
of Eqs. (2) and (3),' as well as the numerical
evaluations outlined below, indicate a broadening
of the zone with nearly minimum conductivity' '
upon increasing a reverse bias. For samples of
finite length this broadening causes a sublinear
voltage dependence of the current. Similar qual-
itative conclusions were found earlier with ne-
glect of diffusion. '

Forward bias, however, narrows this low-con-
ductivity zone with increasing voltage. A proof
will be given later' that diffusion in this case al-
ways dominates near x, , even in the limit of high
fields. Three characteristic predictions of Ref.
2, leading to remarkable consequences for the
current-voltage relation of finite samples, turn
out to be artifacts of an inadmissible approxima-
tion, namely, replacing Bcp/Bx by the electric
field (Bg/Bx)„, thus ignoring diffusion:

(a) The local field (Bg/Bx), is actually lower,

ture of the bands, can be written

B'g/Bx' =8ne'n;e 'lsinh[p(y —p),]
—»nh[P(p(x) —0(x))]) (2)

in the case of no trapping [P = (kT) '].
(2) Continuity for the total steady-state current

density j (the sum of electron and hole contribu-
tions to field and diffusion currents) demands
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and not—as claimed' —much higher than that far
away from the electrode.

(b) No space-charge zone of majority carriers
appears, as indicated in Fig. 3 of Ref. 2. Such
space charge was postulated for matching the
"high-field region" near x, to the "low-field re-
gion" in the unmodulated bulk. '

(c) The width of the carrier depletion zone in
the vicinity of x, decreases with-increasing bias,
while it was asserted' to increase. Thus, a su-
perlinear region in the forward current-voltage
relation follows, resembling space-charge —lim-
ited currents. ' The predicted' sublinear current
dependence, related to "recombinative space-
charge injections, '" cannot be derived from the
basic Eqs. (2) and (3) alone, but requires addi-
tional mechanisms such as velocity saturation,
special trapping conditions, or current-limiting
contacts. This point requires further research
for a complete interpretation of the experimen-
tally observed sublinear characteristics in semi-
insulating GaAs for forward bias. '

Numerical results obtained by integrating (2)
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FIG. 1. . (a) Potential profiles of relaxation-case
structure defined in text. Solid lines, band edges E~
and E„; dotted lines, intrinsic Fermi level g(x); dashed
lines, electrochemical potential q(x); x, is the "conver-
sion point" (see text), eV the applied bias. A, C re-
verse bias; B,D forward, as shown in Fig. 2. {b) Cor-
responding electron (solid lines) and hole (dashed) den-
sities on a logarithmic scale.

and (3) simultaneously are represented in Fig. 1

for aP-type relaxation-case semiconductor of
length I =2&& 10 ' cm, with n; = 4& 10' cm ~, Pc
=10'n;, no=10 2n; at room temperature, and
e =10. The contact on the left is assumed to be
n injecting with y(0) —$(0) =10kT; the other one

p injecting, with y(I-) —g(i ) = —10kT. The plots
in Figs. 1(a) and 1(b) pertain to the points &
indicated on the current-voltage characteristic
Fig. 2, Figure 1(a) shows the electrochemical
potential y(x) (dashed line), the intrinsic Fermi
level P(x) (dotted), and parallel to it the conduc-
tion- and valence-band edges &,(x) and E„(x)
(solid lines). Figure 1(b) gives the logarithm of
the corresponding densities of electrons (solid
lines) and holes (dashed). For low reverse (case
A) as well as forward bias (case B) almost all
the voltage drop appears in the vicinity of x, (ar-
rows), and hence the sample behaves like a thin
specimen of intrinsic material with constant re-
sistance. In particular, this resistance is large-
ly independent of doping of the electrode mater-
ial (as long as one of them is n injecting and the
other p injecting) and even of the length of the
sample. ' The curves for C show the widening of
the nearly intrinsic region upon increasing re-
verse bias, which causes the sublinear region
in the current-voltage characteristic. For very
high reverse bias the current-voltage curve ap-
proaches that for an intrinsic sample of the same

/
/

/

R ~- /
/

/

/

g~

10
fQ

10—

-3

1 10 10

VOLTAGE IN UNITS OF kT/e
FIG. 2. Current density j versus voltage V for for-

ward bias (dashed line) and reverse bias (solid line) .
The points A to D of Fig. 1 are shown, Dotted line, cur-
rent-voltage relation for the corresponding sample of
"minimum conductivity" (see text) .
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length (dashed line in Fig. 2). Case D finally
shows the situation at high forward bias. Here
the substantial difference between our results
and the ones given earlier' becomes evident by
comparing our plots for case D with Fig. 3 of
Ref. 2.

The present examples selected from our cal-
culations demonstrate well the general features
of relaxation-case materials. Consequences for
the interpretation of measurements on amor-
phous materials will be discussed subsequently'
with particular reference to the range of validity
of the relaxation-case concepts.
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The hydrogen-deuterium exchange reaction takes place readily on a platinum single
crystal with high Miller index (997), but not detectably on a platinum single crystal of
low Miller index (111). The difference in reactivity is ascribed to the large density of
atomic steps present on the high-index surface that are responsible for the dissociation
of the diatomic molecules.

The dissociation of hydrogen on solid surfaces
is an initial step in many important surface reac-
tions. ' Hydrogen dissociation can be convenient-
ly studied by monitoring the hydrogen-deuterium
exchange reaction

H +D '"'"'-'2HD2+ 2

taking place in the presence of the surface. The
scattering of a mixed hydrogen-deuterium molec-
ular beam from the solid surface can be a partic-
ularly useful technique to investigate the surface-
dissociation mechanism of hydrogen.

Molecular-beam scattering studies have shown
that this exchange reaction takes place readily
on Ni(111) and Pt(111) oriented thin films. "
Classical studies have shown that the reaction
takes place readily on a va. riety of polycrystalline
solid surfaces. 4 On the other hand, the forma-
tion of HD, indicating hydrogen dissociation, was
not readily detected during molecular-beam scat-
tering studies from the (100) single crystal face

of platinum. ' It is apparent from these contradic-
tory results that the polycrystalline and thin-film
surfaces contain surface sites that are responsi-
ble for dissociation, while the single-crystal sur-
face does not. In order to verify the nature of
surface sites where dissociation of the hydrogen
molecules occurs, we have studied the hydrogen-
deuterium exchange on the (111) face of platinum
and on the (997) high —Miller-index face of plati-
num. This high-Miller-index face is character-
ized by an ordered arrangement of atomic steps
(of one atom height) separated by atomic terraces
of (ill) orientation and nine atoms wide. ' The
two crystal faces differ only in the density of
atomic steps.

A schematic diagram of the experimental ap-
paratus' is shown in Fig. 1. The incident molecu-
lar beam is modulated by a variable-frequency
chopper and then scattered from the crystal sur-
face, whose surface geometry and chemical com-
position are monitored by low-energy electron
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