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[571 ABSTRACT 

A minority carrier device includes at least one junction of at 
least two dissimilar materials, at least one of which is a 
semiconductor, and a passivating layer on at least one 
surface of the device. The passivating layer includes a Group 
13 element and a chalcogenide component. Embodiments of 
the minority carrier device include, for example, laser 
diodes, light emitting diodes, heterojunction bipolar 
transistors, and solar cells. 

16 Claims, 4 Drawing Sheets 
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MINORITY CARRIER DEVICE 
COMPRISING A PASSIVATING LAYER 

INCLUDING A GROUP 13 ELEMENT AND A 
CHALCOGENIDE COMPONENT 

RELATED APPLICATION 

This application is a continuation of U.S. Ser. No. 081369, 
346, filed on Jan. 6, 1995 now abandoned, the entire 
teachings of which are incorporated herein by reference. 

GOVERNMENT FUNDING 

This invention was sponsored by SNF Grant No. CHE- 
9222498 and ONR Contract Numbers N00014-91-J-1934 
and N00014-94-1-0609, and the government has certain 
rights to the invention. 

BACKGROUND OF THE INVENTION 
Minority carrier devices are electronic devices where 

performance is dominated by minority carrier behavior. 
There are many minority carrier devices in common use 
today. Examples of minority carrier devices are pn diodes 
laser diodes, light emitting diodes, heterojunction bipolar 
transistors (BHTs) and solar cells. 

In operation, these devices develop large non-equilibrium 
concentrations of minority carriers within the device. 
Typically, the minority carriers must diffuse or recombine in 
a controlled and efficient manner in order to optimize device 
performance. Nearly all minority carrier devices suffer from 
parasitic losses due to minority carrier recombination at the 
surfaces of the devices. These losses can greatly reduce 
device performance. The quality of a surface is often char- 
acterized by the quantity “surface recombination velocity” 
(SRV). For most devices, high device performance is 
achieved with low SRV on device surfaces. In many cases 
where the device geometry is dominated by high surface 
area (as is the case with very small devices) the major 
performance limiting parameter is surface recombination. 
Unfortunately, most semiconductor materials have very high 
SRV on free surfaces. 

Semiconductor lasers have optical and electrical parasitic 
losses associated with free surfaces. Defect states absorb 
laser light, causing nonuniform heating of the laser facet. 
This can limit light output, causing a catastrophic collapse of 
the laser device. 

In the specific case of a Schottky barrier photodiode, the 
barrier height of many devices is typically limited by 
electronically active surface states between the metal- 
semiconductor junction. 

Use of AlGaAs as a passivating layer has at least two 
problems. First, AlGaAs rapidly oxidizes making it unsuit- 
able as the top window layer. Thus additional complex 
process steps are required at present. Second, the tempera- 
tures required in the deposition of AlGaAs are high, in some 
cases causing damage to the cell structure, and thus lowering 
the fabrication yield of the cell. 

The most pervasive problem in processing such devices is 
the lack of a high quality passivating layer for 111-V sur- 
faces. A poorly passivated surface generates a large number 
of recombination centers and gives rise to parasitic losses 
that lower device efficiency. This ultimately limits how 
small a device can be made, as the ratio of exposed surface 
area to total device area increases as the device is scaled 
down. The surface of GaAs can be passivated using AlGaAs, 
but this is not always compatible with device fabrication 
techniques. Laser diodes are an example of devices that do 
not lend themselves to AlGaAs passivation. 

2 
For example, the degradation of 111-V diode laser perfor- 

mance during operation has been well documented (F. A. 
Houle, D. L. Neiman, W. C. Tang, and H. J. Rose, J .  Appl. 
Phys. 1992,72,3884). The high current and optical densities 

s present in these structures leads to considerable heating 
effects due to the presence of non-radiative recombination 
centers. Whereas the precise mechanisms of degradation are 
not entirely clear, it is apparent that the creation of defects 
at the optical facet surface or near surface region plays a 

i o  significant role in the failure of laser diodes. The facet 
surface is, at the onset of laser operation, an area of high 
surface states and, hence, non-radiative recombination cen- 
ters. Localized heating combined with high electric fields, 
therefore, allows this surface region to exhibit a higher 

is generation of defects which, in turn, causes a further 
increase in the heating effect. Diode failure or degradation is, 
naturally, dependent on laser design and operating 
parameters, but, in many cases is catastrophic in nature as a 
result of the self-sustained heating induced by defect states. 

20 In this respect, laser facet quality is very often the limiting 
factor in device performance and failure. 

Therefore, a need exists for minority carrier devices 
which overcome or minimize the above-referenced prob- 
lems. 

25 
SUMMARY OF THE INVENTION 

The present invention relates to a minority carrier device. 
The minority carrier device includes at least one junction of 
at least two dissimilar materials, at least one of which is a 

30 semiconductor. Apassivating layer is on at least one surface 
of the device. The passivating layer includes a Group 13 
element and a chalcogenide component. Examples of spe- 
cific embodiments of the minority carrier device of the 
invention include laser diodes, light-emitting diodes, het- 

The present invention has many advantages. For example, 
the minority carrier device of the invention employs a 
passivating layer that is an alternative to passivating layers 
formed of AlGaAs. The minority carrier device of the 

40 invention has a surface recombination velocity that is sig- 
nificantly reduced, thereby resulting in significantly 
increased performance. Further, the minority carrier device 
of the invention is easier to fabricate and, consequently, can 
be produced at much lower costs than known minority 

35 erojunction bipolar transistors, and solar cells. 

45 carrier devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a section view of one embodiment of a minority 

carrier of the invention. 
FIG. 2 is a section view of an embodiment of the minority 

carrier of the invention wherein electrical contacts are 
located at the junction material of the minority carrier. 

FIG. 3 is a section view of a minority carrier of the 
55 invention having electrical contacts disposed at a passivating 

FIG. 4 is a section view of a minority carrier device of the 

FIG. 5 is a section view of a minority carrier device 

FIG. 6 is a section view of an alternative embodiment of 
a minority carrier device of the invention having electrical 
contacts on the same side of the device. 

FIGS. 7A through 7D show perspective views of the steps 
65 of formation of metallization and cleaving steps during 

formation of a minority carrier device of the invention which 
is a laser diode. 

layer of the minority carrier. 

invention which includes a Schottky barrier. 

60 having a p-typelintrinsically dopedin-type junction. 
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FIG. 8 is a section view of an embodiment of the minority 
carrier device of the invention which is a laser diode. 

FIGS, 9~ through 913 show steps of the formation of an 
embodiment of the minority carrier device of the invention 
which is a solar cell. 

FIG. 10 is a plot of optical power versus drive current for 
two bare lasers and of a laser that has been passivated by 
gallium sulfide. 

length of cubic gallium sulfide. 

In still another embodiment of the minority carrier device 
of the invention, shown in FIG. 3, electrical contacts are 
disposed on passivating layer 30. It is to be understood that 
although FIGS. 4 through 6 show electrical contacts on 

s passivating layers, the electrical contacts could alternatively 
be in direct contact with the substrate material, or materials, 
on which the passivating layer is disposed. 

FIG. 4 is a section view of an embodiment of the minority 
carrier device of the invention, wherein the junction is a 

wave 10 Schottky barrier, In this embodiment 34, passivating layer 
36 is disposed on semiconductor 38. Semiconductor 38 is 
formed of a suitable material, such as n-GaAs. A suitable 
metal, such as gold, is disposed as layer 40 on passivating 
layer 36. Electrical contact 42 is located on layer 40. Second 

me features and other details of the invention, either as 15 electrical contact 44 is located on passivating layer 36. 
steps of the invention or as combinations of parts of the General descriptions of Schottky barrier devices can be 
invention, will now be particularly described and found in: “Solid State Electronic Devices,” 3rd edition, by 
pointed out in the claims. It will be understood that the Ben G. Streetman, L c  NO.: TK7871.85.S77, Prentice Hall, 

of illustration and not as limitations of the invention. It will 2o “Semiconductor Physics~” by s. M. Sze, Lc No.: 
also be understood that the same number present in different 19853 

invention may be employed in various embodiments without 
departing from the scope of the invention. 

l1 is a plot Of percent transmission 

DETAILED DESCRIPTION OF THE 
INVENTION 

particular embodiments of the invention are shown by way Inc., N.J., 1990, PP. 184 and 185; and 

TK7871.85.S98833 John Wiley &k Sons, New 

incorporated by reference. 
figures identifies the Same item. m e  principal features of the PP. 281-284 the Of the entirety Of which are 

Still another embodiment of the invention is shown in 
me present invention is a minority carrier device that 25 FIG. 5 .  Minority carrier device 46 of FIG. 5 includes a 

tion includes n+ semiconductor layer 48, p+ semiconductor 
layer 50 and doped semiconductor layer 52 disposed 

layer 50. An example of a suitable material of formation of 
n+ semiconductor layer 48 and p+ semiconductor layer 50 is 

Across-section of a specific embodiment of the invention gallium arsenide, ~n example of a suitable doped semicon- 

device 10. Minority carrier device 10 includes junction 12 of mium, ~n intrinsically doped gallium arsenide is an alter- 
dissimilar materials. At least one of the dissimilar materials 35 native semiconductor layer disposed between n+ 
is a semiconductor. In one embodiment, material 14 is an semiconductor layer 48 and p+ sem~conductor layer 50, 
n-type material and material 16 a p-type material. Junction passivating layer 54 is disposed on the pin junction, with 
12 can be a homojunction or a heterojunction. all of the minority carrier devices, passivating layer 54, 

Passivating layer 18 is disposed on at least one surface of alternatively, can be disposed across junction between 
minority carrier device 10. In the embodiment shown in 40 n-type and p-type materials or disposed across only a single 
FIG. 1, passivating layer 18 extends across junction. Passi- component of the junction, or combinations thereof. Elec- 
vating layer 18 includes at least one Group 13 element and trical contacts 56,58 are disposed at passivating layer 54. 
at least one chalcogenide component. An example of a In another embodiment, the junctions of the minority 

chalcogenide components include sulfur, selenium, and tel- conductor layer 48 and p+ semiconductor layer 50 can be 
lurium. An example of a suitable semiconductor material of formed of a suitable material, such as ~ J G ~ A ~ ,  and semi- 
the n-tYPe and/or P-tYPe semiconductor, if employed, is conductor layer 52 can be intrinsically doped GaAs. 

It is to be understood that electrical contacts need not be gallium arsenide. 
Passivating layer 18 is formed by a suitable method, such on opposite sides of the minority carrier device. For 

as is taught in U S .  Pat. No. 5,300,320, issued on Apr. 5, example, as shown in FIG. 6, minority carrier device 60 
1994, to Barron, et al., the teachings of which are incorpo- includes electrical contacts 62,64 disposed on the same side 
rated herein by reference in its entirety. In general, the of passivating layer 66 but, wherein one electrical contact 62 
methods of forming the devices of the invention can employ is most proximate to n-type semiconductor layer 68 and 
the teachings of U.S. Pat. No. 5,241,214, and U.S. Pat. No. 55 another electrical contact 64 is most proximate to p-type 
4,774,205, the teachings of the entirety of which are incor- semiconductor layer 70. 
porated by reference. In one specific embodiment, the minority carrier device of 

FIG. 2 is a cross-section of another embodiment of a the invention is a laser diode. Steps in the fabrication of a 
minority carrier device of the invention. Minority carrier laser diode are represented in FIGS. 7A through 7D. Fab- 
device 20 includes junction 22 of a suitable n-type material 60 rication of a laser diode begins with epitaxial growth of a 
and a suitable p-type material, at least one of which is a laser structure on a wafer followed by deposition of contact 
semiconductor, as is described with regard to FIG. 1. Elec- metallization, such as is shown in FIG. 7A. Wafers are then 
trical contacts 24,26 are located on n-type material 28 and thinned and front and back contacts are deposited, as shown 
p-type material 30, respectively. Examples of suitable mate- in FIG. 7B. As shown in FIG. 7C, the wafer is cleaved into 
rials for forming electrical contacts include gold, a gold- 65 individual lasers. The cleaved sides form the residence 
based alloy, etc. Passivating layer 32 is disposed on n-type cavity of the laser, as shown in FIG. 7D. The cleaved 
material 28 and p-type material 30. surfaces cannot be passivated with AlGaAs because the 

includes at least one junction of at least two dissimilar ~-type/do~ed/n-type junction (pin junction). The pin junc- 

materials, at least one of which is a semiconductor, and a 
passivating layer on at least one surface of the device. The 

cogenide component. 
passivating layer includes a Group 13 element and a 3o between n+ semiconductor layer 48 and P+ semiconductor 

is represented by FIG. 1, which depicts minority carrier ductor layer material is gallium arsenide doped with chro- 

suitable Group 13 element is gallium. Examples of suitable 45 carrier device can be heterojunctions For example, n+ semi- 
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growth temperatures needed (about 600" C.) will destroy 
contact metallization. Metallization of the laser diode before 
cleaving does not permit AlGaAs regrowth after the diode is 
cleaved. 

An embodiment of a laser diode structure of the invention 
is shown in FIG. 8. Laser diode 80 includes: heat sink base 
82; substrate n+ GaAs layer 84; n GaAs layer 86; AlGaAs 
layer 88; InGaAs layer 90; AlGaAs layer 92; and p GaAs 
layer 94. Gallium sulfide passivation layer 96 is disposed 
about the previously described stack of junction materials. 
Base contact 98 is disposed on heat sink base 82. Top contact 
100 is disposed on p GaAs layer 94. 

In one embodiment, the laser is a 980 nm In,,,Ga,,,As 
strained-layer quantum-well (SLQW) ridge waveguide 
diode with bare facets. Generally, this material would have 
mirror facet coatings to provide the optical resonant cavity 
required for optimal laser emission. Such coatings, while not 
providing electronic passivation, do afford protection from 
atmospheric contaminants that may react with the heated 
facet. Generally, to negate the effect of a bare facet, the laser 
diode would be operated under short pulse drive. Short 
pulses minimize the heat buildup in the laser and thus allow 
laser failure to be induced by instabilities under the high 
current densities rather than by facetiambient interactions. 
The light emission from such a structure originates from 
both within the active InGaAs layer and to a much greater 
extent from the surrounding AlGaAsiGaAs confinement 
layer. The substrate to be passivated is therefore not a single 
monolithic material, but rather a multilayer structure of 
latticed matched Group 13-Group 15 materials. 

Another embodiment of the minority carrier device of the 
invention is a solar cell. In one embodiment, the solar cell is 
a gallium sulfide passivated Group 13-15 solar cell. FIG. 9A 
through 9D shown section views of a solar cell of the 
invention during various stages of fabrication. FIG. 9A 
shows n+ G$As substrate 110 having n GaAs layer 112, of 
about 3000 A in depth, disposed thereon. p+ GaInP, layer 
114 is then disposed on n GaAs layer 112 by metal organic 
chemical vapor deposition. Tht  thickness of p+ GaInP, layer 
114 is typically about 2,000 A. As shown in FIG. 9B, p+ 
GaInP, layer 114 is passivated with gallium sulfide by metal 
organic chepical vapor deposition to form Gas layer 116 of 
about 500 A. Gallium sulfide layer 116 is then exposed to 
photolithography, employing mask 118, to define exposed 
areas of p+ GaInP, layer 114, as shown in FIG. 9C, for 
subsequent metallization and etching. Consequently, rear 
metallization layer 120 is formed on n+ GaAs layer and 
contacts 122 are formed as shown in FIG. 9D. 

Typically, the solar cells are homoepitaxially MOCVD 
grown structures, with front and back contacts. Gallium 
sulfide is generally deposited at temperatures of 400" C. or 
below. The base layer of the solar cell is usually between 
%bout 3 and 4 microns and the emitter is on an order of 2,000 
A. Typical built-in levels for p+ is 3x101', while for n=lx 
10l6 and n+=4x101' are usual. 

The invention will now be further and specifically 
described by the following examples. All parts and percent- 
ages are by weight unless otherwise specified. 

EXAMPLES 
The laser diode represented in FIG. 8 was analyzed by 

employing a pulsed to drive current up to diode failure. Only 
results that were found to have exhibited COD by facet 
induced failure were considered valid. Optical power output 
(L) from a single facet as a function of drive current (I) was 
recorded and the point at which catastrophic failure occurred 

6 
was determined. The results of the COD analysis for cubic- 
Gas coated InGaAs SLQW lasers are shown in the plot of 
FIG. 10. Lines 130,132 represent plots for bare lasers. Line 
134 represents the plot for a gallium sulfide coated laser. 

5 Table I, shown below, lists the COD limit for bare versus 
cubic-gallium arsenide coated 980 nm InGaAs laser diodes. 

TABLE I 

10 DIODE STRUCTURE COD LIMIT (mW) 

Uncoated 
Cubic-Gas coated facet 

350 
540 

15 A 54% increase in COD limit was observed, which was a 
dramatic demonstration of facet passivation, even when 
noting that a bare facet could exhibit a slightly reduced COD 
limit simply due to atmospheric interactions under current 
drive. 

In the case of applications for solar cells, lasers and 
diodes, the passivation layer must be transparent to light of 
the frequencies generated or used by the device. Cubic 
gallium sulfide displays a large band gap-ca. 5 eV as 
measured by optical absorption techniques, and shown in 

2s FIG. 11, which is a plot of percent transmission versus wave 
length spectra of cubic gallium sulfide. 

20 

Equiavalents 

Those skilled in the art will recognize, or be able to 
ascertain using no more than routine experimentation, many 
equivalents to the specific embodiments of the invention 
described specifically herein. Such are intended to be 
encompassed by the following claims. 

30 

35 We claim: 
1. A minority carrier device, comprising: 
a) at least one junction of at least two dissimilar materials, 

at least one of which is a semiconductor; and 
b) a passivating layer of greater than monolayer thickness 

on at least one surface of the device, said passivating 
layer consisting essentially of a Group 13 element and 
a chalcogenide component selected from the group 
consisting of sulfur, selenium and tellurium. 

2. The device of claim 1, wherein the junction is a pn 

3. The device of claim 2, wherein the pn junction is a 

4. The device of claim 2, wherein the pn junction is a 

5 .  The device of claim 1, wherein the junction is a 

6. The device of claim 1, wherein the junction is a 

7. The device of claim 1, wherein the junction is a 

8. The device of claim 1, wherein the chalcogenide 

9. The device of claim 1, wherein the chalcogenide 

10. The device of claim 1, wherein the chalcogenide 

11. The device of claim 1, wherein the device is a laser 

12. The device of claim 1, wherein the device is a light 

13. The device of claim 1, wherein the device is a 

40 

45 junction. 

homojunction. 

heterojunction. 

Schottky barrier. 

p-typeiintrinsically dopedin-type junction. 

SO 

ss heterojunction. 

component includes sulfur. 

component includes selenium. 

component includes tellurium. 

diode. 

60 

65 emitting diode. 

heterojunction bipolar transistor. 
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14. The device of claim 1, wherein the device is a solar 

15. A minority carrier device, comprising: 
a) at least one junction of at least two dissimilar materials, 

at least one of which is a semiconductor; and 
b) a cubic phase passivating layer of greater than mono- 

layer thickness on at least one surface of the device, 

13 element and a chalcogenide component selected 
from the group consisting of sulfur, selenium and 
tellurium. 

16. The minority carrier device of claim 15 wherein the 
cubic phase passivating layer consists essentially of gallium 
sulfide. 

cell. 

’ 

said passivating layer consisting essentially of a Group * * * * *  
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