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Development of a Planar Heterojunction Bipolarg iTransistor for Very High Speed Logic
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" -University of California

Department of Electrical & Computer Engineering
Santa Barbara, CA 93106

ABSTRACT

The following report describes the results of research on III-V molecular beam epitaxial

(MBE) growth, material characterization and the fabrication of heterostructure bipolar transistors

(HBT) for very-high-speed logic applications. During the reporting period work on the

InGaP/GaAs hetrojunction (HI) was completed. Isotype HJs were grown and evaluated by a CV

reconstruction method in order to determine the energy band offsets. It was found that A c 0.21

eV and AEv = 0.25 eV for the lattice matched composition. A new direction toward improvement

, 2 in performance and fabrication techniques for the AlGaAs/GaAs HBT was successfully

demonstrated. Graded-bandgap nonalloyed ohmic contacts using n+ InAs for the AlGaAs emitter

and p+ GaSb for the GaAs base were provided by selective epitaxial regrowth. The MBE growth

conditions for grading from GaAs to InAs and GaAs to GaSb were determined. Low specific

contact resistances were observed for both contact types. A AlGaAs/GaAs graded-gap contact

HBT was grown. A current gain of 20 was measured with only simple wire probes on the base

and emitter.

.
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1. INTRODUCTION

The following report presents a summary of the research results from the project

U"Development of a planar heterojunction bipolar transistor for very high speed logic" over the

interval from October 1, 1984 to March 1, 1986.

During this period, work on the inverted GaAs/AlGaAs Heterostructure Bipolar Transistor

(HBT) was completed and documented by a Ph.D. dissertation [1]. One result of this task was to

develop an improved technique for evaluation of the base spreading resistance in HBT structures, a

. major parasitic element which degrades the performance. In addition, a non-intentionally doped,

graded region between emitter and base was shown to provide an improved transition between the

wide gap emitter and narrow gap base eliminating the conduction band spike and providing a buffer

for Be diffusion. Copies of this dissertation were provided to AFOSR in Oct. 1985. Further

activity on the inverted I-IBT was determined to be unnecessary due to the very rapid progress

being made on GaAs/AlGaAs HBTs for digital and analog circuits in industrial laboratories [2, 31.

Research on the MBE growth and characterization of InGaP/GaAs heterojunctions and HBTs

S was also completed during the above time period. Techniques were developed for growth of

lattice-matched InGaP/GaAs heterojunctions which requires very careful control of the group III

flux ratios and the P2 flux. The emphasis on this task was shifted from HBT fabrication

(preliminary work had led to successful results at UCSB [41) to growth of N-n and P-p isotype

heterojunctions for the accurate evaluation of the energy band lineups. The reason for the change in

" direction was due to the discovery in 1984 [5] that the AlGaAs/GaAs HJ did not have the

undesireably high conduction band offset and small valence band offset which had been predicted

,wid eApeiientally justified in the late 70's. While InGaPiGaAs was theoretically predicted to have

a much more favorable lineup for HBT purposes, no experimental data existed to verify the theory

which was by that time under suspicion of being inaccurate. Before further work on InGaP/GaAs

-" HBTs could be justified, the accurate measurement of the energy band lineups must be carried out.

-. This was done at UCSB by a C-V technique, and the results are reported in section 2 and appendix
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A of this report. In addition, an MS dissertation is also in preparation. The result provided new

and useful information, but also confirmed that further efforts on InGaP/GaAs HBTs were not

justifiable due to the much greater difficulty in MBE growth when compared with the

A1GaAs/GaAs system. The InGaP/AlGaAs system does, however, look interesting for

optoelectronic device applications.

. A new direction toward improvement in performance and fabrication techniques for the

AlGaAs/GaAs HBT was successfully established and was shown to be highly promising during

late 1985/early 1986. Since the contacts to the device are highly critical in achieving the theoretical

performance of the HBT, an alternative to the Au/Ge/Ni and Au/Zn "ohmic" contact systems has

- . been evaluated. This new approach utilizes a graded transition between n*-AlGaAs and n+-InAs

* .for n type contacts and p+-GaAs to p+-GaSb for p type contacts. It is well known that the Fermi

Ii level in n-InAs is pinned inside the InAs conduction band. Not as well known is the similar

property for p-GaSb, that is the Fermi level is pinned in the valence band. Therefore, nonalloyed

ohmic contacts will be possible on both material systems. Nonalloyed contacts are desireable

9 because the alloying process causes penetration of the metal regions into the semiconductor. This

penetration must be allowed for in the design of an emiter structure, for example, which forces the

thickness to be larger than desireable for best performance. In addition, the nonalloyed contact will

P allow the same metal to be used for both p and n type contacts, opening up the possibility for

self-aligned structures.

Preliminary results have been very encouraging, with specific contact resistances of 5

* .10- 8 2-cm 2 being observed on n-type transitions and 3 • 10"6n-cm2 on p-type transitions. In

" addition, an H15 I device with graded-gap base and emitter contacts was grown by a selective

regrowth technique, fabricated, and demonstrated to have a current gain of 20 when contacted only

by tungsten wire probes (no metallization at all). Details on this work are reported in sections 3 and

[ .'-4 of this report. Appendix A also contains a preprint of a paper in which a graded-gap contacted

MESFET was demonstrated in the UCSB laboratory under SRC funding.

iJ
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I I FUTURE PLANS

Work will continue on the graded-gap contacted HBT under a no-cost extension to this

project. Efforts will be made to optimize the growth procedure and graded structure for minimum

contact resistance and to work toward the achievement of a high-performance self-aligned HBT

- .using nonalloyed metal or silicide contacts.

t

1.2 PERSONNEL

Research assistants M. Rao and B. Hancock were supported by this contract during the

reporting period. Mr. Hancock completed his Ph.D. dissertation in June 1985. Mr. Rao is

completing an MS dissertation on InGaP MBE growth and characterization, and is working on the

graded-gap HBT. The work was supervised by Profs. S. Long and H. Kroemer, co-principal

investigators.
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[31 T. Ohshima, et al., "A Self-Aligned GaAs/AIGaAs HBT with V groove isolated planar
Structure", 1985 GaAs IC Symposium Proceedings, pp. 53-56.

[41 M. J. Mondry and H. Kroemer, "Heterojunction bipolar transistor using a (Ga,In)P emitter
on a GaAs base, grown by molecular beam epitaxy," IEEE Elect. Dev. Lett. EDL-6 (#4),
pp. 175-177, April 1985.

[5] H. Kroemer, "Band offsets at heterointerfaces: theoretical basis, and review, of recent
experimental work," Proc. 2nd Int. Conf. Modulated Semiconductor Structures, (MSS-ll),
Kyoto, 1985.
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2. MOLECULAR-BEAM EPITAXIAL GROWTH OF (Ga.ln)P/GaAs HETEROSTRUCTURES

"During 1985, this project underwent a major change in direction, from an attempt to build a

heterostructure bipolar transistor with a (Ga,In)P emitter on a GaAs base-and-collector structure, to

" "an accurate determination of the energy band lineup at (Ga,In)P/GaAs heterojunctions (HJs). The

reasons for this change were as follows. It may be recalled that the original motivation for the

investigation of the (Ga,In)P/GaAs heterostructure system was the desire to obtain a more optimal

, ." band lineup in heterostructure bipolar transistors (HBTs). Ideally, the conduction band offset at an

. (abrupt) emitter-base junction in a HBT should be as small as possible, with a large valence band

- offset. The band lineups in the almost-universally-used (A1,Ga)As/GaAs system, as they had been

determined experimentally during the late-70's, exhibited an undesirably large conduction band

offset (typically, for 30% Al, 0.32 eV) and a corresponding undesirably small valence band offset

(typically 0.06 eV). To obliterate the resulting undesirable conduction band spike barrier, the

emitter-base junction was compositionally graded, which is technologically complex, and which

SJ appeared to introduce defects at the interface. These, in turn, were suspected to be at least partially

responsible for the fact that HBTs have so far never lived up to their theoretical performance

potential, even if the emitter-base junction was graded. It had been predicted theoretically [1 ] that

the (Ga,In)P/GaAs HJ would have a much more desirable band lineup, with a smaller conduction

band offset (0.16 eV) and a much larger valence band offset (0.29 eV). During 1984, the first such

transistors had been constructed under a University of California MICRO project [2].

During the second half of 1984, the then widely accepted experimental data for the band

lineups in the (AI,Ga)As/GaAs system suddenly came under suspicion, and by early-1985 there

could no longer be any doubt that the conduction band offsets in the (AI,Ga)As/GaAs system were

significantly smaller (typically 0.25 eV) [31 and hence much less unfavorable for HBTs than had

been believed. This reduced somewhat the incentive for the development of an alternate

(Ga,In)P/GaAs technology, especially in the face of our experience, gained during 1983 and 1984,

F
..

- .- -.
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that such a technology was far more difficult than had been believed on the basis of our earlier very

favorable experiences with straight GaP, as opposed to (Ga,In)P. Finally, the revision of the band

lineups in the (A1,Ga)As/GaAs system [31 raised serious doubts about the validity of the theoretical

S..predictions for the band lineups in the (Ga,In)P/GaAs system: These prediction had been based on

-. - Harrison's theory of band lineups [4], which until 1984 had been widely accepted as being

remarkably reliable. It turned out that the revised band lineups in the (A1,Ga)As/GaAs system were

in flagrant contradiction to that theory, thus destroying the credibility of that theory also for other

hetero-systems.

This combination of circumstances called for an experimental determination of the band lineups

in the (Ga,Ln)P/GaAs system, before continuing the development of the difficult technology for that

system. This determination was undertaken and successfully completed during 1985.

The method employed was capacitance-voltage (C-V) profiling, introduced as a technique for

determining band offsets at hetero-inteffaces by Kroemer et al. [5-71. This technique has a number

of attractive features. For one, it is insensitive to compositional grading (but not to doping

gradients!) across the interface [6]. Also, it provides a means of independently determining the

valence band edge discontinuity AEv and the conduction band discontinuity AEc' in separate

measurements. A self-consistency check is therefore obtained if the values of the two discontinuities

[ add up to the known energy gap difference AE between the two materials. Finally, a powerful

additional self-consistency check may be performed, through the use of computer reconstruction of

what should have been the experimental C-V profile for the particular band offset data found, and

comparison of that reconstructed profile with the experimental one.

2.1 SAMPLE STRUCTURES

Epitaxial layers of (Ga,ln)P and GaAs were grown by molecular beam epitaxy in a Varian-360

MBE machine, on (100)-oriented, Si-doped n+ GaAs substrates. Both n-n and p-p isotype

structures were grown, for separate AE and AE measurements. With the n-n structures, the

.. p

0
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profiling was conducted from a reverse-biased aluminum Schottky barrier deposited on the

n-(Ga,In)P surface. Because Schottky barriers on p-(Ga,In)P were too leaky to permit C-V

-!profiling, the profiling of the p-p HJs was carried out by profiling upward from the reverse-biased

n-- p junction between the n+ substrate and the p-GaAs epi-layer.

" -- One of the central problems in the MBE growth of ternary alloy semiconductors is the

achievement of an alloy composition with good lattice match at the HJ. This requires a careful

control of the Ga:In flux ratio. As described last year, our nude ion gauge beam flux monitor was

found to be insufficiently reproducible to obtain the desired lattice match reliably. Therefore, X-ray

diffractometer data were taken on all layers grown, and layers with unsatisfactory lattice match were

discarded. On our best n-n sample, diffractometry indicated that the (Ga,In)P epi-layer was slightly

Ga-rich, with a relative lattice mismatch of approximately 10, while on our best p-p sample a much

* h smaller relative lattice mismatch of less than 104 was achieved.

- 2.2 C-V PROFILING: RESULTS AND DISCUSSION

I_ Because we found the p-p results more trustworthy, they are discussed first.

2.2.1 AEv MEASUREMENTS

* As stated earlier, the C-V profile through the p-(Ga,In)P/p-GaAs I-IJ was obtained by reverse

biasing the n"- p junction between the substrate and the p-GaAs epi-layer. The apparent majority

carrier concentration profile p(x) of Fig. 2.1 was obtained.

From this profile we calculate AEv = 0.239 eV. The reconstructed profile is also shown in Fig.

2. 1 It can be seen that the agreement between the experimental and reconstructed profiles, although

*. far from perfect, is quite good. The remaining discrepancies must be viewed as indications that our

model of a perfectly abrupt interface is not fully applicable, but it is difficult to say more. Expressed

. as a fraction of the total energy gap difference, AEg 0.459 eV [81, our AE -value corresponds to

,* . 0.52 AE

.9*L. .

. . . . . . . . . . . .
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Fig. 2.1 Experimental and reconstructed (apparent) carrier
concentration profile for the p-p heterojunction.
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Fig. 2.2 Experimental and reconstructed (apparent) carrier

concentration profile for the n-n heterojunction. The value
of AE, is the value before applying corrections for graded
doping.
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Our experimental value is about 50 meV smaller than the theoretical prediction [1] of AEv

0.29 eV = 0.65 AE g for the lattice-matched (Ga,ln)P/GaAs interface, obtained by simple linear

interpolation between the theoretical valence band offsets for GaP/GaAs and InP/GaAs that are

predicted by the Harrison theory [4]. Although by no means negligible, this discrepancy is actually

smaller than the discrepancy for most hetero-systems. Unfortunately, however, it is a change in the

r. direction undesirable for HBTs.

2.2.2 MEASUREMENTS

To measure AEc, an aluminum Schottky barrier deposited on the top (Ga,In)P epitaxial layer

was reverse-biased to obtain a C-V profile through the HJ. Fig. 2.2 shows the experimental carrier

concentration profile, in which electron accumulation and depletion can be seen in the GaAs and

(Ga,In)P, as expected. The conduction band offset obtained from this profile is AEc= 0.189 eV.

We were not able to obtain as good a fit between experimental and reconstructed carrier

concentration profiles as for the p-p case. The reconstructed profile in Fig. 2.2 shows that the

peak-to-valley concentration ratio of the experimental profile is lower, and the peak and valley are

separated farther in space than in the reconstructed profile. This combination indicates that either the

energy gap or the doping profile of the actual junction must be graded at the transition, in contrast to

F mthe mathematical model used in the reconstruction, which assumed an abrupt transition at the

interface for both.

The difference between the two kinds of gradients is important for the determination of the

,. .. band offset: As was shown by one of us [61, in the presence of a purely compositional (energy gap)

gradient at the HJ, not accompanied by a doping gradient, the electrostatic dipole moment associated

with the broadened n(x) curve remains unchanged, and the standard interpretation of the C-V data

still yields the correct (abrupt-limit) value of AEc, even though the reconstruction with an abrupt

mathematical model fails. On the other hand, if the doping profile is graded, this changes the dipole

moment, and hence the band offset.



X ~0.11 e
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Fig. 2.3 Predicted relative band edge energies at (Ga,Jn)P/(AI,Ga)As
heterojunctions. The heavy solid lines represent the band
energies in the AIXGa1..xAs alloy system, relative to straight
GaAs, as a function of x, taken from ref. 3. The horizontal
broken lines represent the (Gajln)P band energies relative to

* GaAs, for (Ga,ln)P lattice-matched to GaAs, as determined
in the present work.
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A sputter-Auger analysis of our sample, which would be have been able to detect any

compositional grading on the scale required by the discrepancy between the two curves in Fig. 2,

showed no significant compositional grading near the HJ. We therefore concluded that in our case

the grading is due to a doping gradient rather than a compositional gradient. We suspect that the

postulated doping gradient is due to strain-induced diffusion: In our n-n sample, significant

outdiffusion of Si probably has taken place at the GaAs/(Ga,In)P interface, due to strain caused by

-' ,the non-negligible residual lattice mismatch in that sample. In contrast, it should be recalled that the

p-p isotype interface was relatively strain-free.

If one inspects the theory, one finds readily that the presence of a doping gradient at the

interface causes an increase in the value of AE c relative to the abrupt-model value. We estimate the

correction to be 0.024 eV, yielding a corrected conduction band offset of AEC = 0.213 eV 0.46

" r AEg. The value of AEc predicted from the Harrison model was 0.160 eV = 0.35 AEg.

Our two independent experimental band offsets add up to AE v + AEC = 0.452eV, less than 2%

below the experimental value of the energy gap difference, AE = 0.459eV, suggesting that the

individual values should be quite trustworthy. The remaining discrepancy of 7 meV probably

reflects a small amount of doping grading at the p-p interface. Inasmuch as our reconstruction fit for

the p-p junction is distinctly less than perfect, we assign the discrepancy to the valence band offset,

implying an adjusted value AEv 0.246 eV 0.54 AEg.

2.3 CONCLUSIONS

- The valence and conduction band edge discontinuities for (Ga,ln)P lattice-matched to GaAs

have been determined by C-V profiling. We find a conduction band offset of 0.21 eV, only slightiy

smaller than the typical value of 0.25 eV obtained in the AlXGal xAs/GaAs system for x = 0.3.

Together with the more difficult technology of (Ga,In)P relative to (AI,Ga)As, the closeness of the

two values eliminates the incentive for (Ga,In)P as a material for HBTs, and we have, in fact,

terminated work towards such a device. The material remains of great interest, however, for
d
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optoelectronic device structures. In fact, our band lineup data provide a long-missing quantitative

basis for the design of such devices.

5Our data lead to interesting predictions for the band lineups for (Ga,In)P lattice-matched to

Al Ga 1 ,As. In Fig. 2.3, taken from a recent review [3], we have superimposed our conduction

and valence band edge energy values for (Ga,In)P on current "best estimate values" for the lineups

p !It within the Al Gal.xAs alloy system [3]. It appears that the valence band of AlxGal_xAs will drop

below that of lattice-matched (Ga,In)P for x > 0.49. The conduction band offsets are more

complicated, due to the F - to - X crossover in the Al GalxAs band structure around x = 0.43. We

estimate that the conduction band of AlXGa t xAs will initially rise above that of (Ga,In)P for x >

0.26. For x > 0.43, the conduction band energy of AlxGai .xAs drops again, and it should reach a

value very close to the (Ga,In)P value as x approaches 1.0. Thus there are likely to be three
AlxGal_xAs composition ranges with quite different behavior: (i) For x < 0.26, the band lineup

should remain a straddling one, with Al GalxAs retaining the lower total gap, and with a vanishing

conduction band offset at the upper end of this range. (ii) For 0.26 < x < 0.49, the system should
be a staggered one, with (Ga,ln)P having both bands below those of Al Gal As. The residual

interface gap should slowly increase through this range, from about 1.77 eV for x 0.26 to 1.95 eV

for x = 0.49. This might be an interesting range for the study of staggered-lineup luminescence

.[91,[101 at p-Al Gal xAs/n-(Ga,In)P heterojunctions. (iii) For x > 0.49, the band lineup would

become straddling again, but now with (Ga,In)P having the smaller energy gap.
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A paper on the subject of this report, but of much greater length, has been submitted to the

Journal of Applied Physics, and is reproduced in Appendix A.
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3. NON-ALLOYED GRADED-GAP OHMIC CONTACTS TO n AND p-type GaAs

One of the most troublesome areas of all compound semiconductor technology is that of the

(so-called) ohmic contacts. The poorly understood and poorly reproducible Au/Ge/Ni and Au/Zn

alloy contacts to n and p-type GaAs respectively, are rapidly emerging as severe limitations on the

further progress of compound semiconductor devices.

3.1 THE (Ga.ln)As n-type CONTACT

In 1981 Woodall et al. [1 proposed and demonstrated a non-alloyed graded-gap scheme for

obtaining ohmic contacts to n-type GaAs, by first growing a graded transition from GaAs to InAs

and then making a non-alloyed metallic contact to the InAs. It is well known that at a metal-to-inAs

interface the Fermi level is pinned inside the InAs conduction band [2], hence this interface by itself

acts as an ideal negative-barrier ohmic contact. However, if the GaAs-to-InAs transition were not

graded, it would act as a quasi-Schottky barrier with a barrier height close to the conduction band

Sr offset AEc of the GaAs/InAs heterojunction, about 0.9eV [31, and the contact would be poor

overall. Sufficient grading obliterates the heterojunction barrier, and leads to an excellent ohmic

contact with properties that can be superior to the traditional, widely-used Au-Ge/Ni/Au alloyed

system [4-6]. In fact, it is probably not necessary to grade all the way to InAs: Kajiyama et al.

[71 have shown that a zero or negative surface barrier height exists for In:Ga ratios above 80:20.

The band diagram for an abrupt GaAs/InAs interface and that for a graded GaAs/InAs interface is
,..'." -.-,shown in Fig. 3.1.

In their work, Woodall et al. [I] graded over a rather large distance, about 2500A. For a

negative surface barrier height, the series resistance of the graded transition region should be the

dominant residual contribution to the contact resistance. This suggests using a graded region no

longer than necessary for flattening out the bands. The necessary grading may be estimated as

follows. If the transition region is graded over a width w, the graded offset is equivalent to an

electric field SQ= AEc/qw. This quasielectric field must be compensated by a true electric field,

which must be supported by charges near the ends of the graded region. To insure a flat

conduction band, the doping level must be sufficiently high to make it possible to support this field

with the donors contained in a region significantly thinner than the graded region itself. If ND is

* the doping level and E the permittivity of the semiconductor, this leads to the condition

': q NDW >> Eq = cAEc/qw, or NDw2 >> EAEc/q 2 . (1)

Inserting numbers (C l4 o; AEc - 0.9eV) yields, on the right-hand side, 7• 106 cm With

I.%
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doping levels of 1 • 1919 cm-3 , which have been demonstrated in GaAs [81, a more detailed

- analysis [9] shows that a safety margin of 10 is generous, corresponding to w 2! 2.6 - 10-6 cm as

the required grading distance, about one-tenth the distance used by Woodall et al.

I A doping level of 1019 cm "3 yields a resistivity below 6 • 10-3 Q2cm 18]. For a 260A thick

transition layer this corresponds to a contact resistivity below 2 • 109 f2cm 2. This value would

be about a factor 35 below the lowest trustworthy value that has been reported for Au/Ge/Ni [6],

and much lower than typical values for that system [5].

3.2 Ga(As.Sb) p-TYPE CONTACT

Analogously, at a metal-to-GaSb interface, the Fermi level is pinned inside the GaSb

valence band, and hence the Ga(As,Sb) system would be suitable for p-type contacts. Band

4 diagrams for the GaAs/GaSb system with and without grading are shown in Fig. 3.2. The

theoretical analysis for the p-type graded-gap contact is similar to that for the n-type contact

presented above in sec. 3.1. The theory predicts that contact resistivities below 2• 10-8 iQcm 2

should be possible for p-type contacts.

3.2.1 GROWTH PROCEDURE

S _In order to grow the graded Ga(As,Sb) layer the Sb content should increase and the As

content should decrease gradually over 250 A, and at the surface the As content should be

negligible. This grading can be achieved during MBE growth by controlling the arrival rates and

6 sticking coefficients of the group V species by varying the substrate as well as the group V

source temperatures. Chang et al [101 have determined the Sb content in Ga(AsSb) layers as a

function of the substrate temperature, the As/Ga flux ratio, and the Sb/Ga flux ratio. They find

4 that the Sb content is negligible (less than 1% of the total group V species) when the substrate

.. temperature is above 600'C and the As/Ga flux ratio is greater than 2. As the substrate

temperature is lowered to about 470°C, the Sb content increases (to almost 90% of the group V

.p. ;

p. -J,

, I.
. . .0
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species), and is further enhanced as the As/Ga flux ratio drops below unity. A graphical

representation of the variation in Sb content is reproduced from the work of Chang et a] 1101 in

Fig 3.3.

To develop a procedure for growing the Ga(As,Sb) transition regions the following

experiment was performed.

Semi-insulating (100) LEC GaAs substrates were prepared by standard techniques prior to

loading into a Varian-360 MBE machine. The native oxide was desorbed at 600'C in an As.,

background, at an atomic 2As 2 :Ga flux ratio < 3:1. After a streaky 2 x 4 RHEED pattern was

obtained, the structure shown in Fig. 3.4 was grown. The various layers and their functions

are described below.

(i) a 1500A p+-GaAs buffer layer at a substrate temperature

of 600°C, at a growth rate of 0.25i/mlhr. Be was used as

the p-type dopant.

(ii) a 500 A Ga(As,Sb) layer at 6000C. The Sb/Ga flux ratio was

2:1. This layer was grown to provide information on Sb

incorporation at 600"C in the presence of As2 flux.

(iii) a 400 , Ga(As,Sb) layer with the substrate temperature

being ramped down from 600'C to 470°C in a linear fashion.

The As 2 and Sb fluxes were kept constant during this period.

The purpose of this layer was to determine the Sb

incorporation as a function of the substrate temperature.

(iv) a 400A, Ga(As,Sb) layer during the growth of which the As2

flux was decreased by turning off power to the As, source

furnace at the start of the layer. The substrate

temperature was kept constant at 470°C. This layer was

grown to determine the Sb incorporation as a function of

S-o

2%.

. . . . ...
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decreasing As., flux.

Layers (ii)-(iv) were also p- doped, with a target hole concentration of 1019 cm3

S- 3.2.2. RESULTS

A sputter-Auger analysis of the sample described in sec.3.2.1 was performed. The atomic

concentration versus distance profile so obtained is shown in Fig. 3.5. It can be seen that the Sb

content for a depth > 800A (layer (ii) in sec. 3.1.1), is less than 3% of the group V species, thus

showing that the Sb does not stick appreciably at 600°C in the presence of an As, flux. The

substrate temperature was ramped down from 600*C to 470°C for a depth between 400A and 800A

(layer (iii)). In this layer the Sb concentration increases gradually to about 20%. In the first 400A

(layer(iv)), the Sb concentration increases to more than 90%, indicating that decreasing the As,

flux at 470°C is effective in grading the layer almost completely to GaSb. These results indicate

" that Ga(As,Sb) transition regions graded over =300A can be grown by decreasing the substrate

temperature linearly from 600*C to 470°C while reducing the As 2 flux at the same time.

Contact resistivities were measured on the sample mentioned above using the Kelvin

p 4-terminal contact resistance measurement structures [11]. Cr/Au was used as the contact metal.

Contact resistivities down to 3 - 10-6 Q cm 2 were measured, significantly better than typical for

Au/Zn contacts. This value is still much higher than that predicted by a theoretical analysis, for

d., two reasons. For one, the doping in the material turned out to be only about 3 - 1018 cm 3 , and

not 1 • 1019 cm 3 as assumed in the analysis. For the other, the grading distance is 800A and not

250A as required by theory, in order to obtain contact resistivities in the 10-8 Q cm2 range. Such

d thin and highly doped graded layers are currently being grown, specifically for making contact

resistance measurements. However, the graded-gap p-type contact has been already been

incorporated in a heterostructure bipolar transistor (HBT), and this work is described in sec. 4.

o . .
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4. HETEROSTRUCTURE BIPOLAR TRANSISTOR WITH NON-ALLOYED BASE AND
°..EMITTER CONTACT'S

It was decided to incorporate the graded-gap contacts into n-p-n AIGaAs/GaAs heterostructure

bipolar transistors (HBTs). The advantages of having graded-gap contacts in a HBT are first the

greatly reduced base and emitter contact resistances over those possible with any conventional

alloyed contacts. Besides, the graded-gap contacts are non-invasive.- Therefore, thinner emitter

structures will be possible since the - 1000A penetration depth of the alloyed contacts need not be

added to the emitter region thickness. Finally, the base and emitter metallizations can be

performed in one step.

4.1 GROWTH PROCEDURE AND PROCESS DETAILS

The HBT structure shown in Fig. 4.1 was grown by MBE. The emitter-base junction was

digitally graded as described by Su et al [1]. A 500 A Be diffusion setback layer was used in the

-o. base following the work of Malik et al [2] and B. Hancock [3]. A n+-graded gap (Ga,In)As

contact layer was grown above the emitter using the procedure developed by Dr. E. J. Caine in this

laboratory [4]. This procedure is briefly described here. In order to grow the compositional

transition region, the Ga flux should decrease and the In flux increase simultaneously in a

complementary, roughly linear fashion. At a given initial growth rate, the lower limit of the width

of a graded transition region is given by the rate at which the Ga flux from a Ga effusion cell drops

if the power to the latter is simply turned off. After some experimentation with the flux transient

dynamics of the Ga and In sources, the following growth schedule was adopted. To facilitate the

grrowth of the graded transition regions as narrow as a few hundred Angstrom units, the overall

growth rate was kept low, at 0.25 L.m/hr. During the growth of the GaAs layers, the indium

furnace was kept idling at a reduced temperature that would correspond to a very low growth rate

of about 25 A/hr, but with the shutter closed. The growth of the transition layer was initiated by

re-setting the indium furnace controller setpoint to the full 0.25pxn/hr growth rate, and opening the

- .shutter. After an additional 3min delay, the gallium furnace controller was reset to a 500*C idle
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temperature, and that furnace was simply allowed to cool. This caused the Ga flux to drop to

approximately 1% of its initial value within about 8min. The overall thickness of the graded laver

is estimated to be about 400A. The contact resistivity of such (GaIn)As graded layers was

' . estimated in a separate experiment to be about 3 x 10-7 (cm 2 [4).

The sample was removed from the MBE system and approximately 1500A of SiO., was

deposited by plasma assisted chemical vapor deposition. The SiO2 was patterned with HF into the

emitter regions using conventional photoresist processing techniques. The photoresist was

removed, the sample ashed in an 02 plasma, and emitter mesas were etched. The sample was

then loaded back into the MBE system for regrowth. Approximately IOOOA of p+-GaAs,

"* followed by 350A of graded Ga(As,Sb) were grown. The sample was removed from the MBE

system, base mesas etched, and the regrown layer on top of the SiO2 was removed by dissolving

the SiO1 in HF.

At this point the devices were probed using tungsten probe tips directly contacting the

semiconductor surfaces of the base and emitter. The probes were found to make ohmic contact to

14
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Fig. 4.1 Al xGa 1xAs IGaAs HBT layer diagram. The value of x is 0.15.

Vertical dimensions are not to scale.



6 the base and the emitter. Indium alloyed into the n'-substrate formed the collector contact. The

- .device I/V characteristics are shown in Fig. 4.2. Dc current gains of 20 were obtained at collector

current densities of 200 A cm-. The low current gains are attributed to low Al fraction of 0.15 in

% ithe (A1.Ga)As emitter, and the non-optimized digitally graded emitter grown for the first time in

this laboratory. In addition, evaporated metal (non-alloyed) contacts on the base and emitter

regions will reduce spreading resistance and will allow for a dual base contact

Aluminium was used for the final metallization, and SiO-, was used as the insulator. After

the final metallization step the base-collector junctions were found to be very leaky. We believe

that this leakage is surface leakage, probably due to a Si-rich SiO,. We intend to use polyimide as

"- . a dielectric layer on subsequent runs.
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APPEN iX A

Determination of valence and conduction band discontinuities

* Iat the (Galn)P/GaAs heterojunction bg C-V profiling

M. A. Rao, E. J. Caine, H. Kroemer, S. I. Long, and D. 1. Babic a)

M Department of Electrical and Computer Engineering

University of California, Santa Barbara, California 93106.

ABSTRACT

The valence and conduction band discontinuities for the lattice matched

(GaIn)P/GaAs heterojunction have been determined by C-V profiling. The
band lineup is found to be of the straddling type with the valence and

conduction band discontinuities 0.25 eV and-0.21 eV, respectively. Computer

'- reconstruction of the C-V profiles was used to check the consistency of the

data. The band offset data indicate that the (Ga,ln)P/(AI,Ga)As system should

be staggered for a certain range of Al composition.

a) Now at Avantek Inc., Santa Clara, CA 95051'I
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the originil worl by Kroemer et al. [41, and more recently by Watanabe et al.

[81, but not in the other papers on the determination of band offsets by C-V

profiling [5-71. In the present work, computer reconstruction formed an

essential part of the analysis.

I SAMPLE PREPARATION

A. Sample Structures

Epitaxial layers of (Galn)P and GaAs were grown by molecular beam

epitaxy in a Varian-360 MBE machine, on (100)-oriented, Si-doped n+ GaAs

substrates. Both n-n and p-p isotype structures were grown, for separate

AEC and AEv measurements. The overall structures, with the thicknesses

and doping levels of the layers, were as shown in Fig. 1. With the n-n

structures, the profiling was conducted from a reverse-biased aluminum

Schottky barrier deposited on the n-(Ga,in)P surface (Fig. 1a). Because

Schotiky bar riers on p-(Ga,in)P were too leaky to permit C-V profiling, the

profiling of the p-p heterojunctions (HJs) was carried out by continuing to

use an n - substrate, and profiling upward from the reverse-biased nt-p

junction between the substrate and the p-GaAs epi-layer (Fig. ib). The

schematic energy band diagrams of the HJ portion of the two structures are

shown in Fig. 2, both oriented such that the profiling direction is from theK- left to the right.

B. Growth Procedure

The GaAs substrates were cleaned in organic solvents, and etched in

room-temperature NH40H : H202 : H20 2: 1: 20 for two minutes. This was

followed by a 10 min rinse in de-ionized water to form a native oxide. The

oxide was desorbed by heating inside the MBE system in the presence of an

. A. AA A... ,*



C. Preparation of samples for C-V profiling

On the n-n samples, aluminum Schottky diodes were fabricated by

* deposition and lift-off. The diode area was 4.8x 10- 4 cm2. On the p-p

samples, Au-Zn dots were deposited by evaporation and lift-off, and alloyed

at 4500C for 30 sec on a graphite strip heater, to form an ohmic contact to

the p-(Ga,ln)P. Diode mesas were then formed by etching the (Ga,ln)P with

HCi : H3P04 = 1 : 1. We found that this etchant produced less undercutting

than the undiluted HCI etch commonly used for etching (Ga,ln)P. Following

the (Ga,ln)P etch, the p-GaAs was etched with H3P0 4 : H20 2 H20 = 5 : 1:

14, to a depth sufficient to reach into the n+ substrate. The final p-p diode

mesa area was measured to be 4.6 x 10- 4 cm2. The return contact for both

n-n and p-p structures was formed by indium alloyed to the n+ substrate.

Ill. C-V PROFILING: RESULTS AND DISCUSSION

Because we found the p-p results more trustworthy, they are discussed

first.

A. &Ey measurements

As stated earlier, the C-V profile through the p-(GaIn)P/p-GaAs HJ was
obtained by reverse biasing the n4 -p junction between the substrate and the

p-GaAs epi-layer, shown in Fig. lb. A HP4280A C-V meter was used for the

measurement. The measurement frequency was I MHz, and the magnitude of

the applied differential voltage was 30 mV (rms). The apparent majority

carrier concentration profile I(x) was derived from the C-V profile according

to the standard relation

qE [dV C2
. . . .. :.:
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P(x) :doping profile, assumed to be known and to level out far away from

the HJ;

P2: asymptotic values of the doping levels in the GaAs (*1) and the• 1,2

(Galn)P ('2);

X: distance of the HJ interface from the n*-p junction;

Nvl, 2 : valence band density of states in the two regions.

An accurate determination of P, and P2 is necessary if the band discontinuity

is to be obtained with confidence. It can be seen from the (x) curve that the

hole concentrations on both sides of the HJ leveled out vry well; thus P, and

P2 could be accurately established.

Our model used to reconstruct the C-V profile assu, .,s an abrupt HJ with

D a step change in the doping on the two sides, as well as the existence of a

localized interface defect charge a i . The value of a i is obtained from the

requirement of overall charge neutrality [41:

00
{[ = x) -P(x)] dx (4)

In such a model an accurate knowledge of the interface position xi is

essential. Although a nominal value for the thickness of the GaAs layer was

known from the growth rate, the accuracy of this value was not sufficient for

use in determining AEv. A seires of values of AEv and of the interface

charge density "i were therefore calculated from (3) and (4), for a series of

assumedvalues of the interface position xi around the nominal value (Fig. 4).

The values of AEv and o i , for each assumed xi , were next used to

reconstruct numerically the apparent carrier concentration profile, using a



computer program that basically solves Poisson's equation for incremental

voltage steps applied at the HJ [121. The experimental and reconstructed

profiles were compared for each of the assumed xi values, and xi varied until 

a 'best" fit was obtained. While we had no quantitative crileria for judging

the closeness of the fit, we found that the best overall agreement between

the experimental and reconstructed profile occurred for interface positions

that also yielded small values of interface charge.

It is evident from Fig. 4 that the valence band offset AEv exhibits a

broad minimum around that xi-value that corresponds to zero interface

charge. This is a general property of the model: It is not difficult to prove

'l that an extremum of the band offset (a maximum or minimum, depending on

"i, 3ig of tle bdnd offset d Of tio e doping step) occurs /xeessariy at

that xi -value for which the interface charge vanishes. For HJs with a low

I true inter face charges, this behavior has the highly desirable consequence

that the calculated band offset value is a relatively insensitive function of

the assumed interface location.

For our p-p junction the best overall agreement was obtained for xi

0.555 pm, yielding AF,= 0.239 eV, i- +3.68 1010cr 2, near the band offset

minimum in Fig. 4, but not exactly at it. The reconstructed profile itself is

shown in Fig. 3. It can be seen that the agreement between the experimental

and reconstructed profiles, although far from perfect, is quite good. The

0 rem_, ,ing di.creparVP m r_'t be viewed as indications that our model of a

perfectly abrupt interface is not fully applicable, but it is difficult to say

'.(A e. E4,, t:bd db d N l Ion of the total energy gap difference, AEg 0.459

eV [131, our AEv-value corresponds to 0.52 AEg.

9..'.
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Our experimental value is about 50 meV smaller than the theoretical

a prediction [11 of AEv - 0.29eV - 0.65 AEg for the lattice-matched

Ga 51In 49 P/GaAs interface, obtained by simple linear interpolation between

". the theoretical valence band offsets for GaP/GaAs and inP/GaAs that are

predicted by the Harrison theory [31. Although by no means negligible, this

discrepancy is actually smaller than the discrepancy for most

hetero-systems.

B. AEC measurements

The structure shown in Fig. 1(a) was used to measure AEc. The

i L aluminum Schottky barrier was reverse-biased to obtain a C-V profile

through the HJ. The analysis of the data was analogous to that for the p-p

- structure. Fig. 5 shows the experimental carrier concentration profile, in

which electron accumulation and depletion can be seen in the GaAs and

(Ga,ln)P, again as expected from the predicted energy band diagram shown in

Fig. 2a. Fig. 6 shows a graph of AEc and ci as a function of xi.

We were not able to obtain as good a fit between experimental and

reconstructed carrier concentration profiles as for the p-p case. The

reconstructed profile shown in Fig. 5 represents the "least bad" fit,

corresponding to the triplet xi= 0.500 pim, AEc= 0.189 eV, ai--1.6x10i

cm - 2. Again !his profile is one with a small interface charge, and again the

value of the band offset is not very sensitive to the choice of xi. Note that

the band offset extremum is this time a maximum.

* iThe peak-to-valley concentration ratio of the experimental profile is

lower, and the peak and valley are separated farther in space than I!, ,tl,

reconstructed profile. This combination indicates that either the energy gap

[j
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or the doping profile of the actual junction must be graded at the transition,

in contrast to the mathematical model used in the reconstruction, which

assumed an abrupt transition at the interface for both.

The difference between the two kinds of gradients is important for the

determination of the band offset: As was shown by Kroemer [91, in the

presence of a purely compositional (energy gap) gradient at the HJ, not

accompanied by a doping gradient, the electrostatic dipole moment associated

with the broadened M(x) curve remains unchanged, and the relation (3) -- or

its n-n equivalent -- still yields the correct (abrupt-limit) value ofAEc, even

though the reconstruction with an abrupt mathematical model fails. On the

other hand, if the doping profile is graded, this changes the dipole moment,

and hence the band offset.

A sputter-Auger analysis of our sample, which would be have been able

.-..v to detect any compositional grading on the scale required by the discrepancy

between the two curves in Fig. 5, showed no significant compositional

grading near the HJ. We therefore believe that in our case the grading is due

to a doping gradient rather than a compositional gradient. We suspect that

the postulated doping gradient is due to strain-induced diffusion: Studies of

@4 masked diffusion in GaAs [141 have shown the presence of large lateral

diffusion of the diffusant in the presence of strain at the mask/GaAs

interface. In those studies the masks were deposited films of silica,

phosphosilicate glass, or silicon nitride, and the strain at the mask/GaAs

interface was caused due to their different thermal expansion

characteristics. In our n-n sample, significant outdif fusion of Si could have

taken place at the GaAs/(Ga,ln)P interface, due to strain caused by the

non-negligible residual lattice mismatch in that sample. In contrast, it

. .. . . . . . . .

.--o .- * p - -
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should be recalled that the p-p isotype interface was relatively strain-free.

If one inspects the n-n equivalent of (3) for our case of a heavier doping

on the GaAs side, one finds readily that the presence of a doping gradient at

the interface causes an iirrease in the value of AEc relative to the

-abrupt-model value. To estimate the correction, at least to a first order, the

doping gradient may be approximated by a straight line extending over a
distance equal to that between the accumulation and depletion extrema in the

experimental profile, as shown in Fig. 7. The contribution of the grading to

o the electrostatic dipole moment is then simply that of the two shaded

L: triangles. This moment is estimated to be 0.024 eV, and the true AFc

should be higher by this amount, yielding a corrected conduction bdnd offset

* of AEc - 0.213 eV : 0.46 AEg. The value of AEc predicted from the Harrison

0 model was 0.160 eV = 0.35 AEg.

. Our two independent experimental band offsets add up to AEv + AEc

0.452eV, within less than 2% of the experimental value of the energy gap

- difference, AEg = 0.459eV, suggesting that the individual values should be

* -quite trustworthy. The remaining discrepancy of 7 meV probably reflects

some combination of a small amount of doping grading at the p-p interface, or

inaccuracies in our rather crude accounting for the grading at the n-n

interface. Inasmuch as our reconstruction fit for the p-p junction is

distinctly less than perfect, we tentatively assign the discrepancy to the

valence band offset, implying an adjusted value AEv-0.246 eV0.54AEg.

IV. CONCLUSIONS

The valence and conduction band edge discontinuities for (GaIn)P

lattice-matched to GaAs have been determined by C-V profiling. As
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expected, the band lineup between (Ga,ln)P and GaAs is of the straddling

type. Reasonable agreement between the experimental and reconstructed

profiles was obtained for the p-p isotype structure, and the valence band

discontinuity was obtained to be 0.25 eV, or 0.54 AEg. Comparison of the

experimental and reconstructed profiles for the n-n isotype structure

il-- t .- ' "N presence of significant grading at the interface. A first- order

correction of the raw data to the measured AEc was estimated, yielding a

corrected value of AEc of 0.21 eV, or 0.46 AEg. The values of AEv and AEc,

obtained from independent measurements, add up to 98% of AEg, indicating

2rv4 egg ~tir ~~' ' f the irWTh.'fA~ual values

themselves to probably better than _ 10meV.

Our _Tmor-r,?or .t"-f t,,,,, , , d lrfnup is of the straddling type refutes

the interpretation, by Hsieh et al. [151, of their below-gap photoresponse data

of (Ga,ln)P/GaAs reterojunctions, in terms of a staggered lineup. In fact, we

find the interpretation of these data in terms of a staggered lineup forced and

unconvincing in its own right, even if there were no conflicting lineup data.

Our lineup data lead to interesting predictions for the band lineups for

(Ga,ln)P lattice-matched to AlxGal-xAs. In Fig. 8, taken from a recent review

,. [161, we have superimposed our conduction and valence band edge energy

values for (Ga, In)P on current "best estimate values" for the lineups wittvn

theA IGa 1_xAs alloy system [161. it appears that the valence band of

re, ALGalIxAs will drop below that of lattice-matched (Ga,In)P for x > 0.49.

The conduction band offsets are more complicated, due to the r - to - x

crossover in the AlxGalixAs band structure around x - 0.43. We estimate that

the conduction band of AIxGaI xAs will initially rise above that of (Ga, In)P

for x > 0.26. For x > 0.43, the conduction band energy of AIxGal-xAsdrops

I --". ..



r again, and it should reach a value very close to the (Gain)P value as x - 1.0.
Thus there are likely to be three Al×Gal-xAs composition ranges with quite

different behavior: (i) For x < 0.26, the band lineup should remain a straddling
one, with AGa 1 As retaining the lower total gap, and with a vanishing

conduction band offset at the upper end of this range. (ii) For 0.26 < x < 0.49,

the system should be a staggered one, with (Gain)P having both bands below

those of AlxGal .xAs. The residual interface gap should slowly increase

through this range, from about 1.77eV for x = 0.26 to 1.95eV for x = 0.49.

This might be an interesting range for the study of staggered-lineup

luminescence [171,[181 in p-A xGatlxAs/n-(Ga,ln)P heterojunctions. (iii) For x

, .> 0.49, the band lineup would become straggling again, but now with (Galn)P

. having the smal ler energy gap.

* It would appear that these band lineups might find applications in future

electronic and optoelectronic device structures. With regard to the initial

motivation for this work, the use of (Ga,ln)P/GaAs HJs as emitters in HBTs,

Soboth our data and the recent re-assessments of the band lineups within the

ALGal_xAs alloy system [161 diminish somewhat the attractiveness of that

idea: The conduction band offsets in the (Ga,In)P/GaAs system are not quite

as small as had been hoped, and those within the AlxGal-xAs alloy system are

not as large as had been feared. Together with the more difficult technology

of (Ga,In)P relative to (AI,Ga)As, these changes conspire to reduce the

incentive for (GaIn)P as a material for HBTs, but probably not for other

applications.

. r..
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FIGURE CAPTIONS

! Fig. I Structure of samples for C-V Profiling: (a) Sample for

determination of conduction band offset by profiling through an

_* n-n junction from a surface Schottky barrier; (b) Sample for

determination of valence band offset by profiling through a p-p

junction from a buried n*-p junction.

Fig. 2 Expected band diagrams (a) for the n-n heterojunction; (b) for the

p-p heterojunction. Both are oriented such that the profiling

direction is from the left to the right.

Fig. 3 Experimental and reconstructed apparent carrier concentration

profiles for the p-p structure.

Fig. 4 Plot of AEv and ai for the p-p heterojunction. as a function of

assumed interface position xi.
i Fig. 5 Experimental and reconstructed apparent carrier concentration

profiles for the n-n structure.

Fig. 6 Graph of AEc and ci for the n-n heterojunction as a function of

assumed interface position xi.

Fig. 7 Simple model for the doping gradient postulated to be present in

the n-n heterojunction.

Fig. 8 Predicted relative band edge energies at (Ga,In)P/(AI,Ga)As. The

heavy solid lines represents the band edge energies in the alloy

system, relative to straight GaAs, as a function of x, taken from

ref. (16. The horizontal broken lines represents the (Ga,!n)P band

energies relative to GaAs, for (Ga,ln)P lattice-matched to straight

GaAs, as determined in the present work.
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