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1.0 INTRODUCTION

The goal of this program was to develop light emitting diodes (LED) for

optical communication at 1.27 on and 1.55 urn, where present day optical fibers

have the lowest loss and minimum dispersion. Double-heterostructure light

emitting diodes from two quaternary systems, GaInAsP/InP and GaAlAsSb/GaSb were

fabricated and compared.

Both quaternary systems, GaInAsP and GaAlAsSb, can be grown lattice

matched to InP and GaSb substrates respectively. The GaInAsP quaternary system

is a direct bandgap material between - (0.9 - 1.65) um. As a result, low

threshold current CW lasers(1) (2) with long lifetimes have been demonstrated

with this material system at 1.3 um as well as 1.55 un. By adding As to the

GaAlSb ternary system, GaAlAsSb can be grown lattice matched to GaSb (Aa/a

between AlSb and GaSb is only 0.7%). Avalanche photodiodes (3) with low dark

current and high gain have been obtained with this material system in the same
* wavelength range. GaAlAsSb is, however, an indirect bandgap material in part of

that wavelength range.

This report is divided into the following sections: Material Develop-
ment, Device Fabrication and Characterization, and Conclusion.

42.0 MATERIAL DEVELOPMENT
.4

2.1 GaInAsP Material Growth Development

Double heterostructure LED materials for 1.3 um were grown by liquid
phase epitaxy at temperatures of approximately 650C on both (100) and (111)

oriented n-type InP substrates. The device structures consisted of a n-InP buf-

fer layer grown on an InP substrate followed by a quaternary GaInAsP layer, a p-

type InP confining layer, and a p+ quaternary cap layer for ohmic contact pur-
poses. The GaInAsP active layer, typically 0.5 to 1.0 on thick, was uninten-

tionally doped with zinc owing to downward diffusion from the p-type InP layer

during the growth process. Using electron beam induced current techniques, it
was found that the amount of zinc used as the dopant in the p-InP confining

".,
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layer was critical to ensure the correct placement of the p-n junction at the

GalnsP/InP heterointerface. Figure 1 shows a cleaved cross-section of a typical

growth delineated by KOH:K 3Fe(CN)6 etch. Good surface morphology was obtained

on both (100) and (111) oriented substrates. The solidous compositions of the

quaternary active layers were Gao. 2 3 Ino. 77Aso. 48Po. 52 for (111) oriented sub-

strates and Ga0.21In0.79Aso.49Po.51 for the (100) oriented substrates. The

quaternary layers were grown at 100 supersaturation as determined by visual

observation through the transparent furnaces.

The composition of the quaternary active layer of GaInAsP LEDs was

expected to have a direct bearing not only on the emission wavelength but also

on the lifetime and aging characteristics of the LEDs. In the latter case, the

important characteristic is the degree of lattice matching to the InP substrates

obtained in the quaternary layers. Work was undertaken to achieve a melt compo-

sition in which the quaternary layers were lattice matched exactly to the InP

substrate. Both of these goals were achieved. Figure 2 shows the k., and k.2

reflection from the (400) plane of GaInAsP epitaxial layer grown on a (100)

oriented InP substrate. The lattice mismatch for these two layers is found to

be 23.1 x 10- 4 . Other films on the (100) and the (111) substrates have been

grown with the lattice mismatch of 12 x 10- 4 . An important point to notice in

the data of Fig. 2 is that the width of the intensity peaks is approximately 30

seconds, indicating that very little grading of the composition occurs during

the growth of these thick quaternary layers. In fact, the width of these

intensity peaks is limited by the resolution of the instrument.

Some efforts to grow GaInAsP/InP LEDs emitting at 1.55 ym were under-

taken in the last quarter. Although single quaternary layers with a bandgap

corresponding to that wavelength were successfully grown (see monthly report

#10), considerable difficulty was encountered during the growth of the p-InP

confining layer on the quaternary active layer and the work was not completed.

2.2 GaAlAsSb Material Growth Development

The GaAlAsSb/GaAlSb light emitting diode materials with bandgaps corre-

sponding to - 1.3 on were initially grown at a temperature of 525C. At this

2
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Fig. 2 l~ and K reflection from the (400) plane

of GaInAsP epitaxial film grown on (100) InP.
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low temperature, it is impossible to incorporate enough arsenic into the epi-

taxial layers to bring them to a lattice matched condition with GaSb substrate.
However, the active layers and the confihement layers are lattice matched to one

another. This is accomplished by the introduction of a buffer layer which also

acts as one of the confining layers. All of the lattice mismatch between the

-substrate and the active layers is taken up in this buffer layer, and all sub-

sequent layers are lattice matched to one another. The layers are grown in the

following sequence. An n+ GaSb substrate (n - 7 x 1017 cm3) was used as the

substrate. An n confining layer of Gao.06A10.4As0.02Sbo.98 was grown. This was

followed by the active layer of Gao.81A10 .1gSb(1.5 um thick). The active layer

was unintentionally doped. The p+ Gao. 6 A10 .4 sO.o 2 Sbo.0 98 confining layer was

subsequently grown on top of the structure.

The quantum efficiency of light emitting diodes fabricated from epi-

taxial layers grown at the above temperature was found to be extremely low. It

was speculated that the low quantum efficiency might be due to lattice mismatch

between the active and confining layers. To achieve better matching, the qua-

ternary GaAlAsSb layers were grown at temperatures higher than previously used.

At 5250C, the arsenic incorporated in the Ga melt is not enough to achieve lat-
tice matching with the GaSb substrate. Therefore, higher temperatures for the

growth of this material were considered. At 550C, the solubility of arsenic in
Ga is substantially increased. The largest amount of arsenic incorporated into

the quaternary at this temperature is 3.8%. This brings all of the layers of

the LED structure close to lattice matching. Figure 3 shows the variation of

the lattice constant with As composition in the melt. By comparing the quater-

nary layer and the corresponding ternary layer grown under the same conditions

by double crystal X-ray diffractometry, we also found that the quaternary con-

fining layers had a much narrower peak than the corresponding ternary layers

(48 sec vs 5 min).

From photoresponse measurements, the bandgaps of the active layer in

these double-heterostrWtures were found to be 0.95 eV, corresponding to a

wavelength of - 1.3 um. However, the quantum efficiencies of the LEDs subse

sC2733A/J bs
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quently processed from these runs were found to be still rather low. A careful

study of the separation between the direct conduction band minimum and indirect

conduction band minimum in this material system indicated that the cross-over

point between the two is near 1.3 Uam. A larger separation was expected at

1.55 umn, at which wavelength the optical fiber has the lowest loss. As a

result, efforts for this material system were directed towards the growth double-

heterostructures emitting at 1.55 on during the last two quarters of the pro-

gram. Devices of higher quantum efficiency were obtained as expected. The char-

acterization of devices from both material systems will be described in the next

section.
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* '." 3.0 DEVICE FABRICATION AND CHARACTERIZATION

3.1 Fabrication

Following growth by LPE, GaInAsP/InP wafers were processed into indi-

vidual diodes. This was accomplished by the use of gold zinc and gold germanium

contact metallization for the p and n-side, respectively. Contacts were made to
the epitaxial side by opening windows through a S102 mask. In the case of InP,
light emitted by the quaternary active layer is not absorbed by the InP sub-

strate. It was therefore extracted from the substrate side through contact open-
ings. The device structure is shown in Fig. 4. Devices fabricated in the first

quarter had contacts, 125 va and 250 om in diameter on the p-side and emission

apertures 178 um and 285 um in diameter on the substrate side. To provide better

matching between the LEDs and optical fibers with a typical diameter of 80 ur,
new mask sets were designed during the program. The diameter of the contact area

on the p-side was reduced to be - 50 uim. Light was coupled from an emission
*'' aperture on the substrate side with a diameter of 90 um. The coupling efficiency

between LEDs processed with the above mask set and fibers with a core diameter of

-80 Um will be given in Section 3.4. To reduce undesirable scattering from a
rough surface, the substrate was polished before contact evaporation. The diodes

were subsequently In-soldered p-side down to gold-plated headers. Using a

quaternary cap layer, we were able to obtain series resistance as low as 1 ohm
for devices with contact diameters of 50 um. This is to be compared with a
typical series resistance of 5 ohms for devices with p-side contacts made
directly on p-type InP confining layers. Typical I-V characteristic of an
GaInAsP/InP LED with a contact diameter of 50 um is shown in Fig. 5.

The GaSb LEDs were mounted substrate side down on TO-5 headers. The
contact on the p-side was in the form of a ring. The diameters of the emission

-" area were 70 um and 115.7 um. The difficulty of achieving ohmic contact to n-
GaSb was overcome during the program. Using An-Sn as the contact metal for the

n-side, series resistance of (4 - 1O)n was obtained for devices with the above
contact geometry (Fig. 6).

C2733A/Jbs
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I-V CHARACTERISTICS OF
GaInAsP/InP L.E.D.

H 170

Fig. 5 Typical I-V characteristic of a GaInAsP/InP L.E.D.
with a contact diameter of 50 p..
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Fig. 6 Typical I-V characteristic of a GaAlAsSb/GaSb L.E.D.
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3.2 Optical Output vs Driving Current

After processing, the optical output from the LEDs was measured with a

calibrated Ge detector. Figure 7 shows the typical output power from devices

with contact diameters of 125 Pm (H134 and H139) and 50 Um (H161) when they were

driven at - 50% duty cycle. For devices with a contact diameter of 125 jim, the

optical output varied linearly with driving current until - 200 mA. The optical

output usually saturates at -800 mA. The output power saturated at a lower

driving current (- 400 mA) when the contact diameter of the diode was reduced to

50 um. A quantum efficiency of 1 - 1.4% was obtained at 100 MA. Figure 8 shows

the power output from a diode with a contact diameter of 125 am when driven at

D.C. Approximately 1 OW1 was obtained at 100 MA. Thermal saturation limited the

power output to - 1.8 MW at higher DC currents.

Figure 9 shows a typical power output of the best batch of GaInAsP/InP

LEDs. The diameter of the emission aperture was 90 um. A power output of up to

3.5 mW (at 400 mA) was obtained when the device was driven at - 50% duty cycle.

Proper alignment between the contact and emission area, as well as good heatsink-

ing between the diode and the header are important considerations for maximizing

* "the power output from these devices.

The optical output of the 1.3 um GaSb LEDs was typically three orders of

magnitude below that of the InP LEDs. Quantum efficiencies of 0.01 - 0.05% were

obtained for double-heterostructures LEDs from this material system with bandgaps

corresponding to - 1.55 um. Plots of the optical output versus driving current

are shown in Fig. 10. The reason for the low quantum efficiency, even at

wavelengths as long as 1.55 um, is believed to be the small separation between

the direct and indirect conduction band. This is detailed below.

Figure 11 shows the band structure of GaAlSb as a function of the AlSb

mole fraction in the solid.(4 ) The cross-over between the direct (r) band and

the indirect (L) band is at - 1.35 um. Hence the range of wavelength in which

the direct conduction band minimum is less than that of the indirect band is from

1.8 om (bandgap of GaSb) to - 1.35 um. A salient feature of that plot is the

small separation (AE) between the r and the L band, even for GaSb. The separa-I tion between the two at 1.8 im is - 0.085 eV. This implies that a considerable

12
C2733A/J bs
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Fig. 10 Output power of GaSb L.E.D.
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2.2 THIS STUDY

0 PHOTOLUHINESCENCE

2.0 & ASSORPTIUN

0 PHOTOEMISSION

1.8 0 p-n JUNCTION PHOTORESPONSE

REFERENCE

~.1.6 0 KOSICKI ot.I
xA .x V CARONA et.&l

1.4 U TURNER AND REESE

1.2

1.0

0.81

0.6 I I I 1 1 I 1 I

GaSb .10 .20 .30 .40 .SO .60 .70 .80 .90 AlSbS MOLE FRACTION A1Sb IN THE SOLID. x

Fig. 11 Direct and indirect band structure of GaAlAsSb as a function
of AlSb mole fraction in the solid.
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number of electrons (n2) injected into the active layer "dwells" at the indirect

conduction band at room temperature, from which radiative recombination is

inefficient. The fraction (V) of injected electrons that are capable of

efficient radiative recombination is given by, (5)

n 1
nl + n1 1 + IN /N ) expl-&E/K7M1
1" n 2 2 1

where nI and n2 are the electron concentrations in the direct and indirect

minima, and N2/N1 is the density of states ratio of the two bands. (N2/N1 ) is

proportional to (m2*/m*)3/2, where m2 and are the density of states

effective masses for the direct and the indirect minima respectively. Using a

value of - 40 for (N2/N1)(6) of GaSb, / is found to be - 0.4 at room temperature

(k = 0.026 eV). This is to be compared with a fraction that is close to one for

GaAs (AE - 18.6 kT at room temperature). Since the fraction of "radiative"

electrons in the direct conduction band minimum is only 40% of those injected,

the quantum efficiency of LEDs fabricated from the GaAlAsSb/GaSb quanternary

system is lower than those fabricated from the GaInAsP/InP quaternary system.

3.3 Emission Spectrum, Near and Far Field

Emission spectrum of fabricated devices were measured with a lock-in

amplifier and large area Ge detector. The emission spectrum of a GaInAsP/InP LED

is shown in Fig. 12. The peak of the spontaneous emission was at - 1.27 Um. The

full width at half maximum of the emission spectrum was -800A, which meets the

goals established for this program.

During the second quarter, a rotating table and infrared converter were

set up for measuring the near and far field of the LEDs. The experimental set-up

is shown in Fig. 13. The typical far field of a GaInAsP/InP LED is shown in

Fig. 14. They were, as expected, approximately Lambertian with a half width of

- 120.

Interesting features were revealed when the near field of the

GaInAsP/InP LED was examined. The intensity distribution of these surface

18
C2733A/Jbs
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emitting LEDs was very uniform when the microscope was focused onto the emitting

(substrate) surface (Fig. 15a). However, on focusing deeper into the device,

dark lines in the form of cross-hatches appeared in the image (Fig. 15b). These

"dark lines" are believed to originate from dislocations inherent in the (111)-

oriented substrates.

The quantum efficiency of the GaAlAsSb/GaSb LED was too low for mean-

ingful measurements of their spectral characteristics. However, the bandgap of

the quaternary active layer can be easily determined from photoresponse measure-

-7' ments. The photoresponse of a GaAlAsSb/GaSb LED fabricated during the last

quarter is shown in Fig. 16. The long wavelength cutoff of the photoresponse

was determined by the bandgap of the quaternary active layer (-1.55 um).

3.4 Modulation Bandwidth and Coupling Efficiency

During the last quarter, the coupling efficiency of the GaInAsP/InP

LEDs into an optical fiber was measured. The emission apertures on the

substrate side were 90 um in diameter. The optical fiber used had an inner core

diameter of - 85 tin and a numerical aperture (N.A.) of - 0.2. After being

mounted on fiber positioners on both ends, the optical fiber, - 260 oI. in

length, was butted against an LED at one end and a large area Ge-detector at the

other end. The power coupled into the fiber, and the total power output of the

LED is plotted in Fig. 17.

It is well known that the coupling efficiency (nc) from a Lambretian

source such as a surface emitting LED into a step-index fiber is approximately

given by the square of its numerical aperture. From our measurement, 50 pW was

coupled into the fiber at a driving current of 110 mA. This corresponded to a

coupling efficiency of 4.5%, which is slightly higher than the estimated value

of 4%. The difference between the two can be accounted for by the optical power

carried by the fiber's "cladding-modes," which have been neglected for

simplicity in the above estimation.

,, 22
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Fig. 15 Near field of GaInAsP/InP L.E.D.
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A typical frequency response of the GaInAsP/InP LEDs is shown in

Fig. 18. The diodes were modulated with 20 nA peak-to-peak r-f signal at bias

current levels of 50 mA and 80 mA. The optical signal was detected with a fast

GaAlAsSb/GaSb detector. As shown in the figure, the modulation bandwidths were

20 MHz and 25 MHz, respectively, at bias levels of 50 mA and 80 mA. The

measured bandwidths were roughly proportional to the square root of the bias
current, as we might expect from an estimation of the spontaneous emission

lifetime under "large injection" conditions. The modulation bandwidth and

coupling efficiency obtained above with the GaInAsP/InP LEDs therefore meet the

goals set in the proposal for this program.

Eighty light emitting diodes (forty of each from the two material sys-

tems) was delivered at the end of the program. Their device characteristics

correspond to those described in the above sections. A picture of one of the

GaInAsP/InP LED, In soldered p-side down on a Au-plated heatsink, is shown in

Fig. 19.

4.0 CONCLUSION

Light emitting diodes were fabricated from two quaternary systems:

GaInAsP/InP and GaAlAsSb/GaSb. Output power as high as 3.5 MW was obtained from

the 1.27 um GaInAsP/InP LEDs when they were driven at - 50% duty cycle. Their

spectral width was typically -800A. Approximately (50 - 80) uW, corresponding

to a efficiency of -40%, was coupled into optical fibers with a numerical aper-
ture of 0.2 and core diamter of - 90 um. When biased at 80 mA, a modulation

bandwidth of (25 - 30) MHz was obtained.

Figure 20 shows a plot of the fraction (,) of electrons in the direct

conduction band for the GaAlAsSb/GaSb material system as a function of AE, the

separation between the direct and indirect conduction band minima. Using

Fig. 11, aE can be related directly to the solid composition of GaAlAsSb, or the

bandgap of the active layer. The same curve can be read as a plot of the rela-

tive quantum efficiency for these LEDs as a function of AE. Our investigation

shows that the small separation between the direct and indirect conduction band

26
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minimum is the cause for the low quantum efficiency of the GaAlAsSb/GaSb LEDs.

Compared with the GalnAsP/InP LEDs, for which/ is close to 1, the curve shows

that the quantum efficiency of the 1.55 om GaAlAsSb/GaSb should be less than 0.15

times that of the InP LEDs, which has a quantum efficiency of - I - 1.5%. This

is in good agreement with our experiment, in which a quantum efficiency of 0.05%

was found for the GaAlAsSb/GaSb LEDs.

In conclusion, we found that the GaInAsP/InP LEDs have higher quantum

efficiency than the GaAlAsSb/GaSb LEDs. The small separation between the L and r

band of that material system is found to be the major cause for the low quantum

efficiency observed.
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