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icaUy more complex chemisorptive bonds on
semiconductors and metals.
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Blue electroluminescence has been observed in GaN when the energy supplied to each
electron is more than 48~& below the energy of the emitted photons. The emission in-
creases with the cube of the current. An external power efficiency of 3&&10 wa, s ob-
tained. Several excitation mechanisms by two hot electrons are considered.

Blue electroluminescence has been observed in
GaN with an applied potential drop lower than the
energy of the emitted photons. This observation
contrasts with previous results obtained with GaN
diodes in which the applied potential was at least
four times larger than the emitted energy. ' In
the earlier experiments with metal-insulator-
n-type structures, blue emission was obtained
only when the metal was biased negatively with
respect to the GaN; in the present work, the low-
voltage blue luminescence occurs only when the
metal is biased positively. Anti-Stokes electro-
luminescence has been seen in other materials
such as GaAs" and ZnS. In the work of Dous-
manis et ai.' the extra energy was believed to
come from phonons (a refrigeration process). In
the study of Nathan et a/. , ' higher energy initial
states were populated by Auger recombination in
a nearby region. Bitter, Indradev, and Williams'
proposed that a hot electron from one region of
ZnS produced a low-efficiency ((10 ') tunneling-

assisted impact excitation in a second region of
the crystal. Here I have evidence for a new and
different type of mechanism. This new effect was
observed in several crystals grown in two dif-
ferent reactors on different days.

The present structure was made by the chemi-
cal vapor deposition of GaN on sapphire. ' First
an undoped n-type conducting layer was grown;
then a Zn-doped layer was grown, while the par-
tial pressure of Zn was adjusted to barely com-
pensate the native donors (nitrogen vacancies).
For reasons not completely understood, in a con-
stant ambient Zn concentration, the concentration
of Zn incorporated in the crystal appears to in-
crease gradually during growth. ' Therefore full
compensation occurs near the middle of the Zn-
doped layer, where the resistivity of, the material
increases suddenly by several orders of magni-
tude. A large-area Ohmic connection is soldered
to the edge of the n-type layer while a point con-
tact rests on the semi-insulating layer.
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FIG. 1. Fowler-Nordheim plot of forward-bias char-
acteristic (point contact positive). The I(V) character-
istics is shown in the inset; scale 1 pA per vertical
division, 1. V per horizontal division.

FIG. 2. Emission spectra at 300 K (bias: 2.58 V,
4.8 mA) and 78'K (bias 2.4 V, 1.0 mA) obtained at two
different points on same crystal.

As shown in Fig. 1, this structure has a recti-
fying I(V) characteristic which, in the forward
bias, obeys the Fowler-Nordheim relation, '
namely, the logarithm of the conductance is in-
versely proportional to 1/v"V. This behavior sug-
gests that charge transport is a tunneling pro-
cess.

Blue light is visible under the point contact
when the dc bias exceeds 2.1 V. Figure 2 shows
the emission spectra obtained at 300 and 78'K.
The emission peaks at 2.9 eV and does not shift
with the applied bias. The blue spectrum at 2.9
eV was intense enough to be recorded even with
a 2.2-V bias. The light intensity increases with
the third power of the current, as shown in Fig.
3. This cubic dependence is a new observation
and is crucial to the interpretation of the mech-
anism. An external power efficiency of 3 &10 4

and a quantum efficiency of 2&10 ' were obtained
at room temperature. This is the highest effi-
ciency reported for blue dc electroluminescence.

VVith a point contact, the anti-Stokes emission
is obtained at a current density of the order of
10' to 10' A/cm'. When a larger area In dot is
used instead. of a point contact, pulsed excitation
must be used to avoid melting the In electrodes.
Under pulsed excitation, blue light was obtained
at a voltage as low as 1.64 V. This represents a
potential difference almost a factor of 2 lower
than the energy of the emitted photons —an ener-
gy discrepancy of 48kT. (The discrepancy is
even greater at low temperature. ) The pulsed-
light intensity still increased with the cube of

the current.
A tentative interpretation of this phenomenon

is predicated on the occurrence of a high electric
field localized at the insulator-n-type (i-n) tran-
sition in the structure. An analysis of the ear-
lier form of GaN light-emitting diodes showed
that the luminescence results from impact exci-
tation at the cathode interface of the i layer. ' In
the present case, the n layer is the cathode. Ob-
servations under a microscope with a point con-
tacting the fractured edge of the i layer con-
firmed that light is emitted 10 pm below the sur-
face inside the 40- pm-thick Zn-doped layer, pre-
sumably at the i ninterfac-e (recall that part of
the Zn-doped layer is undercompensated and
therefore still n-type conducting).

A tentative band diagram of the present ar-
rangement in the presence of an applied forward
bias is sketched in Fig. 4. The barrier at the
i-n transition inside the Zn-doped layer could be
due to a local increase in Zn concentration. This
barrier is needed to explain the I(V) characteris-
tic and to localize the high electric field. Elec-
trons which tunnel through the barrier at the n-i
transition become hot electrons which can lose
their energy by colliding with a Zn center. Blue
luminescence requires than an electron be ex-
cited out of the Zn center. For our range of volt-
ages, this process could result from the simul-
taneous collision of two hot electrons with the Zn
center. Alternatively, an electron can be double-
impact excited from the valence band across the
energy gap whereupon the Zn center traps the re-
sulting hole. A further possibility is a two-step
excitation out of either the Zn center or the va-
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FIG. 4. Band diagram and proposed model for the
anti-Stokes process: (1) tunneling of two electrons,
(2-3) energy exchange between the two hot electrons
and an electron trapped at Zn center, (4) radiative re-
combination at impact-excited Zn center.
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FIG. 3. Emission intensity versus dc current.

lence band via some intermediate state reached
by a first impact and from which the electron is
subsequently excited by a second impact.

In either of these excitation processes, the
number of empty final states for the radiative
transition to the Zn center should increase quad-
ratically with the current, I. Since the number
of final states increases as I~ and the number of
electrons in the initial radiation state (assumed
to be the conduction band) increases as I, the
intensity of the emitted light should increase as
I', as observed (Fig. 3).

Although the simultaneous impact excitation bion y
two hot electrons would be expected to have a low
probability, this low probability is offset by the
ease of satisfying energy and momentum conser-
vation, especially for the excitation of a deep
center. This is consistent with the observed effi-
ciency of 3x10 . In contrast, the one-electron
process with a 48kl' energy deficiency would

have the negligible excitation efficiency of -10 ".
The lowest threshold voltage, V, for the onset

of the anti-Stokes process is given by

qv=(z, -z,„)/n+~„
where n is the number of hot electrons participat-
ing in the simultaneous collision of the Zn center
and the other symbols are identified in Fig. 4. In
the present case E -Ez„——2.9 eV, n=2 the ob-
served threshold voltage of 1.65 V would require
that the Fermi level be 0.2 eV below the conduc-
tion band at the surface.

Although higher-order processes than those in-
volving two hot electrons are conceivable, their
probability should be extremely low. The direct
impact excitation by a single hot electron (n =1)
is not observed in the present material because
it would occur at current densities beyond those
resulting in catastrophic degradation.

I am grateful to W. E. Hardy and E. A. Miller
for growing the material, to J. E. Berkeyheiser
for assistance with the measurements, and to
M. A. I.ampert and D. Redfield for valuable dis-
cussions.
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Hartree-Fock calculations using the exact-exchange operator are reported for molecu-
lar and metallic solid hydrogen. Both calculations used the same basis set and the same
crystal formalism. The calculations indicate a transition to the metallic phase at a pres-
sure of 2.1 Mbar, in agreement with recent experiments.

In recent years there has been a widespread in-
terest in the possibility of producing metallic hy-
drogen in the laboratory' by means of a pressure-
induced transition from the molecular phase. To
determine the feasibility of such a process, it is
important to have some estimate as to the pres-
sure needed. Previous calculations' ' have pro-
duced estimates ranging from 0.25 to 20 Mbar,
the lower pressure being relatively easy to reach
in the laboratory, and the higher pressure out of
reach at least statically. ' Recent experimenters' '
achieving high pressures dynamically suggest
that they may have detected the transition at pres-
sures of 2.0 to 2.8 Mbar. In this Letter we pre-
sent preliminary results which are obtained from
calculations more rigorous than those previously
performed, and which support the experimental
evidence of a possible transition.

Theoretical estimates of the pressure required
for the transition at zero temperature are ob-
tained from the common tangent to the energy-
volume curves for the two solid phases. Most of
the previous estimates have been based on fairly
similar equations of state for the metallic phase,
but have used widely different and less reliable
equations of state for the molecular phase. In
fact, the metallic-phase equation of state recently
obtained by Neece, Rogers, and Hoover' from the
self-consistent calculation, using the Kohn-Sham
local potential to approximate exchange and cor-
relation effects, is not substantially different
from the approximate cellular calculation by Wig-
ner and Huntingtons in 1935. The molecular-

phase equation of state has been obtained by solv-
ing the Bethe-Goldstone equations using an ap-
proximate analytically fitted curve for the H, -H,
interaction potential. ' Forms such as the Len-
nard- Jones 6-12 or 6-8 potentials were used,
with parameters obtained either from experimen-
tal virial coefficients and viscosities for molecu-
lar hydrogen, or from variational calculations of
the interaction of two H, molecules. ' The mo-
lecular-phase equation of state varies sharply
with the choice of parameters, with the result
that estimates of the transition pressure based
on slightly different H, -H, pair potentials vary
from 0.84 to 4.2 Mbar. ' A main difficulty with
all the previous work is that the metallic and
molecular crystals are not treated in an internal-
ly consistent degree of approximation.

The calculations presented here are based on
the techniques developed by Harris and Monk-
horst" for the computation of Hartree-Fock wave
functions and energies. In their method each val-
ence Bloch orbital tk) is expanded according to

ik)=+„C.(k) ik. ),

where the Ik ) are basis Bloch functions with
Bloch wave vector k:

~k )=exp(ik r)QQy (r-R„—s„).
p n=&

The sum over p in Eg. (2) runs over all the la,t-
tice cells, R„is the origin of cell p, and s„is
the position relative to the cell origin of atom n.
The cp are Slater-type atomic orbitals, and the

812




