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Experimental current-voltage characteristics and potential distributions are presented
for a p-n junction in high-resistivity GaAs, whose dielectric relaxation time zD exceeds
carrier lifetime 70. The condition 7D & 70 defines the new "relaxation regime" for which
theory predicts behavior entirely different from that of the familiar ideal rectifier of
conventional semiconductor physics with ~z «70 ~ The predicted field distributions and
the linear and sublinear current-voltage relationships are observed. These results con-
firm the theory in detail.

A new semiconductor regime is realized when
the dielectric relaxation time TD = pe exceeds the
carrier diffusion-length lifetime 7, .' ' This "re-
laxation-case" regime can be obtained in crystal-
line or amorphous semiconductors doped with
deep traps, which raise the resistivity p and
shorten the lifetime 7,. We call the conventional
semiconductor behavior the "lifetime case, "
since v, » TD is always assumed. '

Departures from local neutrality are predicted
for the relaxation case, ' "and a small-signal
injected neutral pulse drifts in the majority-car-
rier direction. " In addition, the net local re-
combination rate is approximately zero after an
initial rapid recombination. ' ' The injected mi-
nority carriers can both reduce the majority-
carrier concentration and fill ionized traps. "
Injected minority carriers thus increase resis-
tivity because of this recombinative depletion.
"I ifetime-case" injection, of course, reduces

resistivity. '
This paper describes current-voltage and po-

tential-distribution measurements for GaAs p-n
junctions which illustrate and confirm the theory
of the relaxation regime. The current-voltage
dependence of a relaxation-case junction is found
to be completely different from the mell-known
"ideal-rectifier" junction with its exponentially
increasing forward current and saturated re-
verse current. '

Oxygen-doped and compensated single crystals
of n-type GaAs with n, =3x10' electrons/cm' and
mobility p, „=4.5x10' cm'/V sec were used. Zinc
diffusion created a 3 x10 '-cm deep p layer with
p, &102O holes/cm' at the surface. Ohmic In-Au
contacts were evaporated and alloyed. The vol-
ume resistivity after these treatments was found
by potential probing (in region "1f"of Fig. 1) to
be p = 1.5 x10' Q cm at 22'C. With e. (GaAs) = 10 "
F/cm, we get ~ peD=10 ' sec»T, 510 ' sec.
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and electron concentrations n and P is constant:

np =n an exp(qv/kT}. (2)
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FIG. 1. Logarithmic plot of current-voltage charac-
terlstlcs for a GRA8 p-tg juIlction lIl the relaxatlon re-
giIne. Temperature 22'C, diode measured in darkness,
The solid line is for reverse bias, positive voltage to
the g region. The dashed line is for forward bias, Re-
gions "lr" to "4f'" with indicated slopes 8=—din//dlnV
are discussed in the text.

Results for diode No. 14 (area A. =4xl0 ' cm',
length I.=4.5x10 ' cm) are shown in Fig. 1. We
discuss the distinct regions of the I(V) curves in-
dividually, using simplified concepts here rather
than large- signal nonlinear theory. "

Reverse-bias region "1r", IvI&0.2, is linear
(S=d lnI/d lnV=1) corresponding to R, = 5x10' Q.
The resistance R, is about three times greater
than expected from the n region alone. The larg-
est contribution to R, is by the space-charge re-
gion (SCR) adjacent to the junction. The positive
charge is fixed at donors and traps. The SCR
width x ='7&10 ' cm was obtained by capacitance
measurements' and by potential pIobing. Aver-
age resistivity in the SCR is thus p = 2&&10' 0 cm,
close to the "maximum resistivity, ""

p,„=b'"/2qn, p„, ,

where 5 is the mobility ratio p. „jp.~, q is the
electron charge, and n; is the intrinsic carrieI
concentration. The maximum resistivity is a
significant quantity in relaxation- case material.
The condition TD& 7, implies a region of steady-
state zero local recombination, ' which in turn re-
quires that the product of the steady-state hole

Here the last expression is essential in the con-
ventional lifetime regime. ' Equation (1) im-
plies n(p, „)=n =n;b '", P =n;b'", and N. „n

Resistivity in an SCR can be shown to
approach p~» in the relaxation case. ' At 22'C,
n, =9x10' ca,rriers/cm', ' 5 =20,"and thus p
= 3 x10' 0 cm.

Reverse currents are sustained by carriers
thermally generated in the SCR. Sufficiently low
Ieverse voltages do not deplete electrons near
the interface of the SCR and n region, because
electrons can diffuse back. A measure of this
diffusion tendency is the equilibrium contact po-
tential between the SCR and n region, which can
be expressed by

V. =(uT/q)(»(n, /n. ) l=0.». (3)

V„= -', ax, 'I.'/c,

where N, ~ is the ratio of trapped to free holes.
From the experimental V„=120 V for hole injec-
tion from the n-side contact, we deduce pN, ~=4
x10" holes/cm' and estimate V,~=10', using P

The well-known V' law, "
I=(-9Am y ~ /I. 'N, ~) V',

i.s usually observed throughout "4x;" Often, as
in Fig. 1, the V' law is followed by a steeper in-
crease (5 = 3) which might be the I ~ V' law of
I.ampert and Rose in their "low-field approxima-
tion" "'s of doule injection

Forward branch "1f"extends linearly to about
I0 V, while linearity in the lifetime case ends at

When reverse bias (V, ' of Fig. 1) becomes com-
parable to V, plus the M drop in the n region,
the SCR widens by AM) through removal of mobile
electrons. Incremental resistance AR and cur-
Ient AX are both proportional to 4m, thus

W~~R =av/~I, rI~(r V)"'.

The sublinear region "2r" obeys the predicted on-
set involving the estimate of Eq. (3) and the
square-root dependence S= —,

' of Eq. (4). Region
"2~" shouM end when the entire sample is an

SCR, which implies R, =p, „I./A = 3 x10"Q.
This prediction that the linear region "3x"has
resistance R3 18 veI'1f led.

Space- charge'-limited currents constitute re-
gion "4x." This mechanism is well understood
from the work of Rose and Lampert. "'" Onset
occuI'8 at,
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V =kT/@=2. 5xlO ' V at 300'K. The SCR resis-
tance R, dominates as in "1r." Holes and elec-
trons are. swept into the SCR where rapid recom-
bination insures Eq. (2). The sublinear region
"2f"with S=0.4 begins when injected holes tra-
verse the entire SCR width m. These holes de-
plete majority electrons and widen the SCR, in-
creasing resistance. Space charge is built up
through hole capture by Coulomb-attractive cen-
ters, which become neutral and no longer com-
pensate the positive donors. Detailed theory is
complicated, ' but a simple estimate of the kink
voltage V, can be made by neglecting diffusion.
The average field V„/w must suffice for traver-
sal of m within a lifetime v.~, yielding

Va=~ /&pT~i
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see Refs. 12 and 13 for a similar argument in a
different regime. The experimental I/', =10 V im-
plies 7~= 2x10 ' sec (with p~= 2 x10' cm'/V sec),
which seems not too long a lifetime since most
hole traps are now filled. Region "3f" is not pro-
nounced and believed to be space-charge limit-
ed." " Region "4f," shown schematically by the
dash-dotted curve, illustrates the negative resis-
tance of double injection. "'"

The potential plots of Fig. 2 verify our inter-
pretations. Curve A is typical for region "1f"
with its SCR and Ohmic n-type material. From
curves B to F (region "2f, " Fig. 1), SCR widen-
ing with increasing bias is evident. The distinct
ranges of electric field are exemplified in curve
C. The region n is the high-field SCR, while P
is a narrow layer of very low field, the predict-
ed' "branch point, "where the current is by hole
diffusion. The adjacent high field of region y
produces drift of holes and electrons in a deplet-
ed layer, the "depletion drift region. ""The re-
gion 5 is adjacent to the "recombination front, ""
and the field is much lower than in region f of
the unmodulated material because n is much
greater than n, .' The potential profiles under re-
verse bias also agree with our interpretations.
In region "2~" a "generation front" moves to-
wards the n-region contact, while region "3r"
has uniform high field and p =p~, „.

Temperature T affects the currents because of
the exponential temperature dependence of n;.
~e therefore measured I(V) above room tempera-
ture. As expected, all linear and sublinear re-
laxation-case currents scale with the ratio N
=-n;(T, )/n;(T, ). For example, at 54'C, n; is 2.3
&10' cm '.' The transition voltages are merely
reduced by 10%. The space-charge-limited cur-

FIG. 2. Potential distributions for the junction of
Fig. 1. The potential values were obtained with a 5
x10 4-cm tungsten tip which was dragged across the
diode. The voltmeter (VM) (see inset) had an input im-
pedance of =10~4 0 and a maximum voltage range of
30 V. Temperature is 22'C. Curve A: 6 V total ap-
plied forward bias, I=1.4x10 A. Curve B is for 20
V total forward bias; C, 30 V; D, 40 V; E, 50 V; and
F, 60 V. Greek letters signify typical ranges of elec-
tric field proportional to slopes of curves, as de-
scribed in the text.

rents in ranges "4x" and "3f," however, increase
by only about 0.6N, which distinguishes them
from the relaxation-case currents.

In conclusion, a p-n junction in a semiconduc-
tor with TD&7., is completely different from the
conventional lifetime- case ideal rectifier. The
distinct regions of linear and sublinear I(V) rela-
tions can be explained by the basic ideas of the
theory of the relaxation regime. Large classes
of crystalline and amorphous materials obey the
relaxation- case condition. We expect wide varia-
tions in experimental I(V) relations, because the
parameters shown to be relevant, such as geome-
try, mobilities, trap densities, and lifetimes,
can vary by orders of magnitude.
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The upper branch of an exciton-polariton curve is measured directly for the first time.
The two-photon spectrum of the first exciton line of CuCl shows a strong dependence on
the total & vector of the two beams. The resulting dispersion curve can be quantitative-
ly explained using one-photon data.

Polaritons result from the strong coupling be-
tween the polarization in a crystal and the elec-
tromagnetic radiation field. ' They describe the
normal modes of the coupled system. Depending
on the mechanism of polarization, phonon and ex-
citon polaritons are possible. Polaritons are al-
ready inherent in the solution of Maxwell's equa-
tions for a medium characterized by a dielectric
constant, and thus are an intrinsic feature of
classical crystal optics. In the quantum mechani-
cal description of the optical dispersion and ab-
sorption process they provide a more detailed
view in terms of elementa, ry excitations. ' As
pointed out by Hopfield, ' polaritons are a. particu-
larly useful concept when discussing experiments
in which the polarization is driven by a weak cou-
pling force different from the strong couplings al-
ready included in the polariton states. These
kinds of interactions may arise in special situa-
tions of crystal optics, in Raman scattering, ' and
in other fields of nonlinear optics including two-
photon absorption.

The polariton effect in Raman scattering has
become an especially useful tool for studying the

dispersion relation of phonon polaritons. ' In view
of the close relationship between Raman and two-
photon spectroscopy, the latter should be an
equally suited method for measuring exciton-po-
lariton dispersion. This measurement may be
carried out by changing the angle between the two
photon beams and thus tuning the wave vector of
the excited polariton. It is the purpose of this
Letter to present the first two-photon detection
and dispersion measurement of the exciton polari-
ton. We have chosen CuCl as the material since
it is optically isotropic and possesses sharp 1s-
exciton lines which are clearly sepa, rated from
the rest of the electronic spectrum. ' Because of
the lack of inversion symmetry in its point group
(T~), the polariton may be excited in the two-pho-
ton absorption process.

Two-photon spectra are measured with an auto-
matic recording spectrometer' which provides an
energy resolution of AE/E =10 '. Figure 1 shows
the experimental results in the neighborhood of
the first exciton band of CuCl. In an unoriented
crystal, two bands appear in this spectral region.
The oscillator strengths and the energy separa-
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