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Table I. The Verdet Constant in Minutes/(Oe-cm) of the 58% 
Terbia Glass at Several Temperatures. 

TOK V 

287.9 0.313 
272.2 0.331 

75.3 1.195 
3.935 14.27 
2.08 22.43 

length. Presumably, their temperature was about 
300°K. 

Our attention has been called to the work of Bor­
relli 10 who has observed that the Verdet constant 
is very nearly proportional to the rare-earth ion 
concentration N. His measurements on Tb20 3-

doped soda-silicate glass indicates dV /d(l/T) = 27 
min-OK/(Oe-cm), whereas our results in Table I 
indicate dV/d(l/T) = 90 min-oK/(Oe-cm). If V = 

CBN, where CB = Borrelli's constant for the doped 
soda-silicate glass, we might expect to find N = 
110 X 1020 Tb ions/cm3 for our sample. Actually, 
however, based on the measured density of 4.59, 
the 58% by weight of Tb2 0 3 , and the silica-to­
alumina weight ratio of 2.08, we calculate an N of 
only 88 X 1020 Tb ions/cm3• This disagreement 
between expected and actual ion densities is not 
large enough to cause concern for two reasons: 
Firs;t, the host in our glass, alumina-silica, presents 
a different average Tb ionic environment than in 

the case of the soda-silicate glass; thus C B can be 
expected to be different in the two glasses. Second, 
when the ion density gets large enough so that the 
glass is anti ferromagnetic it is probable that V is no 
longer linear in N. 

To summarize, we have measured the Faraday 
effect in an alumina-silicate glass containing 58% 
by weight of terbia. We find this useful glass to be 
antiferromagnetic with a Curie temperature of 
-1.16 oK. Since this is relatively small, the behavior 
of the Verdet constant at higher temperatures 
closely resembles that of a simple paramagnetic 
solid. 
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EFFICIENT VISIBLE ELECTROLUMINESCENCE AT 3000 K FROM 
Gal-xAlxAs p-n JUNCTIONS GROWN BY LIQUID-PHASE EPITAXY 

H. Rupprecht,* J. M. Woodall,* and C. D. Pettit 
IBM Watson Research Center 
Yorktown Heights, New York 

(Received 19 June 1967) 

Efficient visible light emitting diodes have been fabricated from Gat-.rAl.rAs. Epitaxial layers were obtained by 
a modified solution growth technique. External quantum efficiencies of up to 3.3% have been measured at room 
temperature on diodes, which had their emission at l. 70 eV. The switching time for the light emission at 3000 K 
was measured to be 60 nsec. 

In this Letter, a modified liquid-phase epitaxial 
technique will be described which allows the fabrica­
tion of efficient visible light emitting diodes in 
Gal-xAlxAs. Values for the total external quantum 

*The work of these authors was supported by the U.S. Army 
Electronics Command, Ft. Monmouth, N. J. 

efficiency at 3000 K of up to 1.2% were observed for 
current densities of 50 A/cm2

• The peak emission 
occurred at 1.70 eV. If the same set of diodes is 
coated with an epoxy, to reduce internal reflections, 
external quantum efficiencies of up to 3.3% are 
measured under dc operation at comparable cur­
rent densities. 

81 



Volume 11, Number 3 APPLIED PHYSICS LETTERS I August 1967 

The method used for preparing the epitaxial 
layers is a modification of the technique developed 
by Nelson. l It permits the formation of the p-n 
junctions in a single-step cooling cycle at a con­
trollable distance from the physical boundary of the 
GaAs substrate by means of counterdoping the 
solution. To accommodate the Gal-xAlxAs system, 
a vertical apparatus was used similar to the one 
described in ref. 2. It contained an AI20 3 crucible 
loaded with Ga, AI, excess GaAs and an n- or jJ-type 
dopant (Te or Zn). The epitaxial layers were de­
posited on GaAs substrate wafers with faces perpen­
dicular to the (100) direction and which were 
mounted on a graphite holder. High purity forming 
gas was passed through the system during growth. 
The layers were deposited during cooling of the 
apparatus from 1000°C to 880°C. For this tempera­
ture range, the composition of the layers was found 
to depend on the ratio of Ga to Al in the melt and 
on the cooling rate. The growth was terminated by 
removal of the graphite holder from the melt at the 
end of the cooling cycle. The regrown layers were 
usually about 100 II- thick and were extremely homo­
geneous in their composition. Electron microprobe 
measurements showed that the variation in the 
Ga-AI ratio is less than 2% along the growth axis. 
For high quantum efficiencies of the near-edge 
luminescence, it is desirable to stay within a com­
position range of direct band gap materiaJ.3 In addi­
tion, it is desirable to have the highest photon 
energy emitted from such a direct material, as the 
eye sensitivity rapidly increases with increasing 
photon energy in that range. Therefore, shallower 
impurity levels as given by Zn and Te are preferable. 
All optical and electrical properties discussed in the 
following section were obtained from diodes con­
taining Zn and Te. These diodes had all four sides 
cleaved and had been shaped to parallelopipeds. 

One important result is that the influence of 
deep lying, competitive recombination centers has 
been markedly reduced by the use of the liquid­
phase epitaxial technique, compared to vapor 
growth methods.4 Figure 1 gives the spectral distri­
bution for a typical set of diodes. At 300oK, about 
86% of the externally observable photons are con­
centrated in a high energy line of about 90 MeV 
width. Its peak centers at 1.70 eV. With decreasing 
temperature, the emission intensity increases. For 
the most efficient diodes, the quantum efficiency of 
the main peak increased by a factor of about eight 
when the temperature was decreased from 3000 K 
to 77°K. At 77°K the relative intensity of the low 
energy emission is greater than at 300°K. Even so, 
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only about 26% of the total number of photons is 
distributed over essentially two lines with peak 
energies of 1.5 eVand 1.28 eV. The dominant high 
energy line at 77°K has a peak at 1.79 eV. At room 
temperature, the emission intensity is superlinear 
for current densities less than 50 A/cm2 • For higher 
values it becomes linear. At 77°K, however, a prac­
tically linear behavior was found for current densi­
ties varying from 0.05 A/cm2 to 50 A/cm2

• This 
upper limit was chosen only with regards to the 
series resistance in our structures. The series re­
sistance for a typical diode is 50 n at 3000 K and 
increases to 120 n at 77°K. At 3000 K as well as 77°K 
it was found that the diode current depended on 
applied voltage such as 

V 
1 = 10 exp f3kT 

with f3 = 2. This is similar to observations made for 
GaAs and Gap.5,6 The switching time for these light 
emitting diodes was found by K. Konnerth to be 
about 60 nsee. 

As mentioned previously, the composition of the 
epitaxial layers depends on cooling rate and melt 
composition. Figure 2 gives the peak energy of the 
high energy line as a function of the AI-Ga ratio in 
the melt for constant cooling rate. There appears to 
be a kink in the data at ab<?ut 1.9 eV, indicating the 
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Fig. 1. spectral distribution of the e1ectroluminescence in 
Ga,_..,AI .. As diodes (measured with a PbS cell). 
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transition from direct to indirect energy band struc­
ture in the material, which is in agreement with 
experimental data reported by Ku and Black4 and 
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Fig. 2. The energy peak of the high energy line as a function 
of the Al-Ga ratio in the melt. 

with a linear interpolation of the GaAs-AlAs series 
by Hilsum.7 

Summarizing our results, we have found that 
liquid-phase epitaxy is well suited for preparing 
layers of Gal-xAlxAs on GaAs substrates. In con­
trast to results by Ku and Black4 for vapor-phase 
epitaxy, we have been able to grow homogeneous 
layers of about 100 f.L in thickness. Problems due to 
deep lying, competitive recombination centers as 
encountered by Ku and Black, have been drastically 
reduced, resulting in efficient visible light emitting 
diodes. 
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CARRIER GENERATION AND SWITCHING PHENOMENA IN n-GaAs DEVICES 

H. W. Thim and S. Knight 
Bell Telephone Laboratories. Inc. 

Murray Hill. New Jersey 
(Received 18 May 1967) 

By measuring the steady-state potential distribution in n-GaAs samples with ohmic contacts. very high electric 
fields have been found near the anode contacts. In samples with n . L (carrier concentration X sample length) prod­
ucts greater than 1012 cm-2 • switching from the Gunn mode to a high current, lower (constant) voltage state takes 
place along with the appearance of a high field at the anode. In samples with n . L products less than 1012 cm-2 the 
buildup of the high field is accompanied by a sudden increase in current. These high currents are due to carrier 
generation in a narrow region near the anode. 

Switching associated with a current-controlled 
negative resistance effect has been observed in bulk 
single-crystal n-GaAs by Hakki,l Liu,2 and Cope­
land.:! Liu proposed that this phenomenon could be 
explained on the basis of impact ionization as dis­
cussed by Gunn4 and Steele et al.,5 taking place in a 
localized high-field region near a contact. Cope­
land:! and Conwell6 suggested that the phenomenon 

could be the result of low field avalanche occurring 
uniformly throughout the sample. The purpose of 
the present experiment was to determine the field 
distributions in devices before and after switching 
occurs. The results discussed in the following sec­
tions indicate that carrier generation can occur in a 
narrow high-field region near the anode. 

Potential profile measurements using a point con-
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