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Fabrication  and  Properties 
of Monolithic  Laser Diode Arrays 

Abstract: Monolithic arrays of planar diffused GaAs injection lasers have  been  fabricated using diffusion masking and photolitho- 
graphy to  delineate  the  junction  area.  After  contact metallization, the  arrays  are soldered to a sapphire wafer which serves  as a heat 
sink and carries  the  contacts  for  each  junction.  The diodes operate cw at  78 K and the threshold current  density, Jth = 700  to 1100 
A cm-*. The  dc  power  output is linear at least to 5 X Jth and  the  power efficiency, r),,, is  about 40%. Threshold  and  power  output  are 
quite uniform across  the  array but  the beam polarization  varies at  random from one unit to the next. 

Introduction 
Magneto-optical  memories  employing single GaAs la- 
sers and using a EuO film as  the  storage medium have 
been described by Fan  and  Greiner[ I ] .  Basic  require- 
ments of arrays of such  lasers in a system configuration 
were  given by Eschenfelder[2].  The  present  paper  deals 
with monolithic arrays of small injection lasers intended 
for  use in a  beam addressable memory and is limited to 
the fabrication  and properties of these  arrays.  Their ap- 
plication is discussed in the accompanying paper by 
Wieder and Werlich[3]. Recently,  Marinace[4] de- 
scribed similar arrays, differing mainly in the diffusion 
technique and in the method of forming contacts  and 
heat  sinks. 

A EuO memory  requires liquid-nitrogen cooling. 
Therefore  the laser junctions  can be  conveniently  oper- 
ated  at  78 K. The  junctions  must be small and closely 
spaced, and the  arrays must  be fabricated in monolithic 
form using suitable masking and photolithography. Each 
junction must be addressable and crosstalk  between ad- 
jacent  junctions must  be absent.  The  “stripe  geometry” 
proposed by Zachos  and  Ripper[5] is not suitable. The 
use of a monolithic structure  precludes selecting devices 
for optimum properties  and  thus  the uniformity of the 
junction  properties obtained in processing is important. 
Uniformity across a  wafer  and  reproducibility between 
runs is obtained more easily by diffusion than by liquid- 
phase  epitaxy.  Since  junctions  produced by either 
method have approximately the  same threshold at  78 K 
(as  observed by Pilkuhn  and Rupprecht[6]),  the diffu- 
sion process was chosen. 

Customarily  lasers  have been  mounted between  two 
heat sinks  serving as  pressure  contacts,  and  Marinace 
has shown that  the method  can  be extended  to  arrays. 
However,  the “flip-chip” technique developed  at  IBM 
for silicon devices[7] is better suited for mass  produc- 
tion. A method  analogous to  the fabrication of the flip- 
chip joint  has been  developed in order  to  solder  laser 
arrays directly to  the  heat sink without recourse  to pres- 
sure  contacts. 

In  the  present  paper  the fabrication will be  outlined 
briefly in the  next section and details  pertaining to  the 
diffusion, junction  characterization, and some optical 
properties will be discussed in subsequent sections. 

Fabrication 
Substrate wafers are (100) slices of Sn-doped GaAs 
( N  = 2 to 3 X 10lx cm+) free of dislocations as indicat- 
ed by x-ray  topography. The diffusion mask is a film of 
rf sputtered A1,0, about  1500 thick.  Parallel stripes 
0.5 mil wide are  etched in the [ 1001 direction. The  junc- 
tion is formed at 2 pm depth by capsule diffusion using a 
Zn-doped  GaAs  powder  source.  The wafer is lapped to 
about 4 mils and polished. On  the p-side Au  or  Ag/Zn is 
plated or  evaporated  onto  the stripes. Then  Cr/Ni/Ag 
solder lands are  evaporated through  a  metal  mask. The 
n-contacts  are made by evaporating Au followed by 
Cr/Ni/Ag  for  the  solder  contact.  The  contacts  are al- 
loyed to  the  substrate by heating at 450°C for  about l 
minute as  outlined by Dobson  [8]. Bars are cleaved  and 
sawed to  the  desired length. 265 
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at 65°C using AZ1350 photoresist  without apparent 
damage to  the exposed GaAs surface.  Satisfactory films 
are obtained at 200-W rf input power, 10 pm  Ar pres- 
sure and 250°C substrate  temperature, but these para- 
meters may vary  somewhat for  other rf sputtering sys- 
tems. The surfaces are sputter-cleaned  prior to  the depo- 
sition cycle. 

It is well known[9]  that SiO, by itself cannot  be used 
as a diffusion mask. Other films such  as phosphosilicate 
glass[ 101 deposited over SiO, have been  used success- 
fully as  the masking layer. But unless the  area  to be dif- 
fused is protected by an additional film  of SO,,  severe 
lateral diffusion occurs along the interface of the sub- 
strate and  mask. This lateral diffusion, colloquially 
called “winging,” is nearly absent in A1,0,  films even 
though the  GaAs surface is exposed. Figure  l(b)  shows 
the beveled  and etched  cross section of an  array made 
with a satisfactory A1,0,  film. The phenomenon is not 
well understood. It  depends  on  the  properties of the 
masking film and  on the diffusion conditions.  A moder- 
ate  amount of winging has  little effect on the threshold 
current but the near-field patterns of such  laser junctions 
then  no longer resemble  straight lines. 

(b)  

Figure 1 (a) P-side of an  array  after  diffusion  and metalliza- 
tion. The diodes are 0.5 X 15.3  mils on 6-mil centers. The 
Cr/Ni/Ag solder pad is 3 X 12 mils. (b) Bevel lapped  and etched 
cross  section. Lapping angle is 5”. xj = 1.3  pm. 

Figure l(a) shows  part of the p-side of an array.  The 
alloyed contacts  extend  over  the full length of the  cavity 
but  the solder  pads are made slightly shorter to prevent 
solder from flowing to  the end of the cavity  and possibly 
blocking the beam. 

Heat sinks are prepared by evaporating  a Cr/Cu/Cr 
land pattern on a sapphire wafer. Solder is plated at  the 
ends of the lands to match the solder pads  on  the  array 
and  the arrays  are then  soldered  down. The early arrays 
had  a  common  n-contact  consisting of a  wire strap con- 
necting the  substrate  to a land on the heat sink. Later 
the  strap was eliminated and p- and  n-contacts  were 
made  on one side of the  array,  thus greatly simplifying 
the soldering operation. 

Diffusion masking 
A film  of  rf sputtered A1,0,, 1000- 1500 8, thick, is 
deposited to block Zn diffusion. (Electron  beam  evaporat- 
ed A1,0, does not block Zn diffusion even after densifi- 

266 cation at 850°C.) The film can be etched in dilute H,PO, 

Diffusion 
Efficient heat removal from  the  junction area is impor- 
tant. The diffusion must  produce shallow junctions, but 
the surface  concentration  must be high enough so that 
the desired  concentration  gradient  is  attained at  the  junc- 
tion. In addition, for low contact resistance the surface 
must still be specular after  the diffusion. High-C, diffu- 
sions (1 X 102, ~ m - ~ )  tend to  produce local alloying and 
pitting caused by loss of As from  the substrate surface 
and  formation of a Ga-rich melt. If As is added  to the 
capsule,  an  As-rich film is often  formed,  causing high 
contact resistance. For  deep  junctions,  surface defects 
can  be removed by etching. For shallow, planar diffused 
junctions, defect  removal is not possible. 

It was  found that  the  use of Zn-doped GaAs  as a dif- 
fusion source alleviates these problems. The  source 
material is prepared by diffusing Zn into GaAs wafers 
until saturation. The alloyed surface layer is lapped off 
and the remaining part  is then ground to  about 1 micro- 
meter particle  size. The  Zn concentration in the  source 
is determined  only by the  source diffusion temperature. 
Alternatively, source material can be prepared from 
Czochralski-pulled,  Zn-doped GaAs but the desired Zn 
concentration  is not readily available. 

During device diffusion the  Zn vapor pressure in the 
capsule is determined by the  Zn concentration of the 
source  and is quite independent of the amount of source 
material. Figure 2 shows the relation  between junction 
depth xj and source concentration  for typical laser diffu- 
sions. 
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Figure 2 Junction  depth vs source  concentration  for typical 
laser diffusion parameters. 

Junction parameters 

Junction  depth, xj 
The  junction can be  clearly defined by bevel  lapping  and 
etching. The  surface  concentration, C,, is obtained by 
plasma  resonance; for a  typical laser diffusion, C ,  = 0.8 to 
1 X lozo (according to Philbrick et al. [ 1 11). Details of 
the  Zn impurity profile for shallow junctions  are  as  yet 
unknown. Attempts  have been  made to obtain the profile 
by spreading-resistance  measurements.  The  experiments 
yield R ( x ) ,  the  resistance of a thin layer  at  distance, x, 
from  the surface. It  has  not been  possible to  reduce  the 
data unambiguously to  the impurity profile and  thus only 
qualitative  information is available. For  deep  junctions, 
(xj > 5 pm)  the R ( x )  curve is essentially flat near  the 
surface  and  shows a pronounced knee starting about 
1 pm from  the  junction.  For shallow junctions  the  knee is 
absent, although C,, is about  the same. 

I-V characteristics 
Figure 3 shows I-V characteristics  for  an  array of lasers 
soldered to a sapphire heat  sink. The  assembly is 
clamped to a  flat-bottom dewar and operated in vacuum. 
The  data  are  the  average  for  ten  diodes; individual 
diodes differ usually by about 2 %. The  data  are  correct- 
ed  for  the  external  resistance (mainly the  heat sink me- 
tallization)  but  not for  the  resistance of the  substrate  or 
that of the  contact.  These  corrections  are negligible up 
to  currents of about 50 mA. 

At room temperature  the I-V relation has  the form 

J = J,  exp  (eVlnkT). (1) 

For this array n = 2.1. 
At liquid-nitrogen temperatures  the exponential law 

does not hold very  well; n decreases  from n = 6 at 
J = A cm+  to n = 3 at J = 1 A cm-2. 
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Figure 3 I-V characteristics  at 300 K and 78 K. Data  are  aver- 
age of ten diodes in a no. L 184 array. 

Data  on I-V were  reported by Dumin  and 
Pearson[ 121, and by Pilkuhn and  Rupprecht  [6].  Their 
devices were made by  blanket diffusion and  thus  the en- 
tire  circumference of the  junction is exposed.  In  the 
planar diffused diodes used in this paper, only 3 % of the 
junction  (the  laser  facets) is exposed.  At low forward 
bias the  observed  current density is smaller  by an  order 
of magnitude,  which seems  to indicate that  the A1,0,  film 
reduces  surface leakage. 



Table 1 Carrier  concentration,  concentration  gradient  and 
reverse  breakdown voltage  obtained from C-V data. 

Parameter 
~ ~~ 

Array number 1 L184 L187 LI 95 

N,,,, cm+  at 300 K 
Xj, pm 
a C I I - ~  a t  300 K 
a ~ r n - ~  78 K 
N D  C I I - ~  at 300 K 
ND at 78 K 
Vu at 10 pA at 300 K 
Vi3 at 10 pA at 78 K 

2.3 X 10l8 
3.5 
2.2 x 1024 
1.4 x 1024 
2.1 x 1 0 ' 8  
1.6 X 1OI8 
3.5 
4 

2.6 x 1 0 I R  
1.3 
5.6 x 1 0 2 4  

3.7 x 1024 
1.5 X 10ls 
1 . 1  x 10'8 
3 
3.8 

1.5 x loxR 
1.6 
9.2 x 1 0 2 4  

6 X loz4 
2.2 x 10'8 
1.7 X 1 O I s  
2 
3 

I 

Table 2 Threshold  current,  power  output  and polarization of a 
ten-diode array (L184 series)  at 78 K. 

Diode 
(mW 0.5 4 (mW/A)  (mW,,,/mWi,) max. fDol no. 

I,,(mA) Pout  Slope Power eficiency  Polarization 

1 

+6 .52 
65 132 304 44 +10 .so 10 

31 
+9  .44 

70  94 218 9 

- 1 1  .45 
70 112 260 37 8 

-39  .72 
75 136 320 45 7 

126 293 42 
-70  .88 

70 6 
116 270 39 

-74  .60 
70 5 

43 
-65 .89 

70 129 300 4 
41 

-56  .86 
70 122 286 3 

93 220 3 1  
-80"  0.94 

75 2 
80  77 183 26% 

Figure 4 Distribution of angle  between  plane of polarization 
and  junction plane for a group of 71 diodes at  input current of 
0.2 A. 
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At  the  substrate doping  levels used  for  these  devices 
(Sn = 2 X 1018) there is no  evidence of a  tunneling cur- 
rent  at low forward bias. This  agrees with the findings of 
Dumin  and  Pearson. 

8 C-V measurements 
Capacitance-voltage  measurements  were  made  on 
mounted arrays,  rather  than  on specially constructed 
diodes, in an effort to  correlate  these  results with laser 
threshold  current.  However,  the  heat sink introduces 
stray  capacitance  that  cannot  be  compensated accu- 
rately. Therefore  the  data  are  plotted  as 

for  the linearly graded  junction  approximation,  or  as 

in the  abrupt  junction approximation. Since  the  stray 
capacitance  enters linearly, it does  not affect the calcula- 
tion of a or ND. 

The symbols have  the usual  meaning; C is  the capaci- 
tance in Farad  cm-2, q is the  electron charge, E is  the die- 
lectric  constant, I/ is the bias voltage, Vhi is the built in 
potential, a is the  concentration  gradient in ~ m - ~ ,  ND is 
the  substrate  dopant  concentration in ~ m - ~ .  Values  for 
Vhi are  taken  from  Sze [ 131. 

Experimental C-V data fit both  equations equally well. 
The  concentration gradient  calculated from ( 2 )  is of the 
order of IOz4 ~ m - ~  as is expected,  since C, is of the  order 
of IOzo ~ m - ~  and xj is of the  order of cm. From  the 
abrupt  approximation, ND is  found  to  be of the  order of 
2 x 10ls ~ r n - ~ ,  in good agreement with Hall measure- 
ments  on  the  substrates.  Table 1  lists results  for  some 
representative  arrays.  Low-temperature  measurements 
were  made following a  suggestion  by C. T. Sah[ 141. For 
the  abrupt  junction  approximation, it is seen  that in all 
cases  the  apparent  donor  concentration is decreased  at 
78 K. The difference, ANT, is interpreted  as  the  concen- 
tration of acceptor  type recombination centers. I t  is  seen 
that ANT is of the  order of 1017 ~ m - ~ .  Its  exact value is 
somewhat uncertain since it is affected by the  choice of 
Vbi. Support  for this contention was  obtained by diffus- 
ing Au into  the  junction.  The difference ANT increases 
to 10ls ~ r n - ~  and  these units can  no longer  be operated 
cw;  the pulsed threshold  increases  about threefold. 

Also listed in Table 1 are  the  reverse bias  voltages at 
1 0 p A  reverse  current. VB decreases  as  the  concentra- 
tion gradient  increases.  Comparison with published data 
for  GaAs  shows good agreement  (see,  for  example, 
Sze[l3], p. 116). 
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Optical  characterizatlon 

Beam  power  output 
The  parameter of interest is the  power available  in a nar- 
row beam. The  output from one  facet of one  diode is 
collected with an  f/2 50-mm lens  and  focused  onto a 
photodiode through an  absorber  made  from a 50 ohm- 
cm, p-type  Si  wafer.  A IO-mm aperture  Clan-Thompson 
polarizer can be  placed in the beam to  determine its po- 
larization 

Table 2 lists the threshold current, beam power  output 
at 0.5 A dc and the  slope efficiency for  an  array of ten 
diodes. The  power efficiency is calculated with the  as- 
sumption  that  the  power  output is equal  on  both sides 
of the  laser. 

The  dc  laser threshold current  for 0.5-mil diodes is 
typically 50  to 90 mA (700  to 1100 A c r 2 ) .  The  output 
power  increases  quite linearly with the  current beyond 
threshold at a rate of 200  to 300 mW/A.  The  devices  are 
routinely dc  tested up to 0.5 A;  most  can withstand 
0.8 A. 

Polarization of laser  beams 
Polarization of laser beams has  not been fully under- 
stood, although the effect was  noted in the first papers 
dealing  with these  devices [ 15,161. The  fraction of polar- 
ization (fpol in Table 2) and  the direction of the plane of 
polarization  vary from  diode  to  diode in the  same  array. 
(Direction is defined as  the angle between  the plane of 
the E vector  and  the  junction plane.) In  Table 2, the  data 
on  array no. L184 exhibits a gradual  variation from E 
perpendicular  to  the  junction plane  (diode 1) to E paral- 
lel with the  junction plane  (diode IO). This gradual  varia- 
tion has  been  observed  on  other  arrays  but it is not  a 
general rule; often there is a random variation. The his- 
togram in Fig. 4 shows  data  for  about  70  diodes,  and  the 
number of diodes in a 15" interval is plotted. There is 
some preference  for  the plane of polarization to align 
with the  junction  plane;  about  60 % of devices  tested 
have  an angle less than 30" with the  junction plane. 

Polarization of spectral  lines 
Spectra  are obtained by focusing the beam onto  the en- 
trance slit of a Spex 1702  grating spectrometer.  Figure 5 
illustrates a line spectrum of an  almost completely  polar- 
ized beam. Spectra  are  shown  at 60°, 15" and -30" 
(where  the  junction plane is 0"). The  diode is operated  at 
200 mA dc,  about  2.5 X Jth. It is seen  that all modes are 
linearly polarized at 60°, while the intensity at -30" is 
practically zero.  The modes show  the typical Gaussian 
distribution, and the  mode spacing can be accounted  for 
by the longitudinal  modes of the  laser cavity. Most spec- 
tra  are not as simple as  the  example  chosen  here.  It is 
more common  to find two or more sets of modes  polar- 

- 30" 

15" 

60" 

Ih 

I 
J 

I I I I 
1,030 40 50 60 70 1 

Yavelength in angstroms 

Figure 5 Spectra of array no. L184-8- I at 3 settings of the 
polarizer, 60", 15" and -30", with respect  to  the  junction plane. 
Diode  current 200 mA dc;f/5.6; 8 pm slits 1200 V, 10 kR load 
resistor, 0.2 V/in, vertical deflection. 

ized in independent  directions.  In  general,  near  the 
threshold one mode will dominate  and  the beam will be 
strongly  polarized. As  the  current is increased, new 
spectral lines appear which may  be  polarized quite dif- 
ferently. 269 
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(a )  threshold of a  given diode  was  determined  as a  function 

(b )  
Figure 6 Far-field pattern of array no. L184 -8 - 1 at (a) 
100 mA and (b) 122 mA.  The photographic film was 3 in. from 
the laser diode and exposed for 10 psec. Junction plane is hori- 
zontal. 

Fur-jield puttern 
Figure 6 shows  the far-field pattern of the device  used in 
Fig. 5. The photographic film was 3 in. from the  laser 
facet  and  exposed  for 10 psec  at 125  mA diode  current. 
The beam angle in the  junction plane is 7", and in the 
perpendicular  direction the beam  angle is 40". Again, 
far-field patterns  are often  more  complicated than  this; it 
is more common  to find two different patterns side by 
side. 

Heat sink evaluation 
It can  be shown  that  for highly asymmetrical  structures, 
where  the  junction is very  close  to  one  surface,  the ef- 
fect of a heat sink at  the  opposite  surface is small. The 

270 model used for  these calculations is that of a continuous 

of the  current through another diode. The  array used for 
this experiment had eight laser  diodes  rather  than  the 
customary  ten;  two  diode positions were used to  provide 
the n-contacts. Diode no. 4 of the  array (Ith = 90 mA) is 
approximately in the  center,  and this diode  was biased 
respectively  at 0, 50, 100, 150 and  200mA.  The  dc 
threshold  currents of the  other  diodes were determined 
as a  function of the  current in diode no. 4, I , ;  the slit 
system of the  spectrometer  was used to  prevent  the 
beam of diode 4 from reaching the  detector.  Table 3 lists 
the results. For all diodes  the  threshold  increases nearly 
proportionally with the  current through diode 4. The 
pairs 3 and 5, 2 and 6, and 1 and 7,  arranged  symmetri- 
cally around 4, show  about  the  same  increase. Assuming 
that  the  change in threshold reflects the  increase in local 
temperature, we have,  to  the first approximation[ 181, 

EN A1th 

T N?x (4) 

For  example,  at I ,  = 200 mA,  the  temperature  increase 
at  the  diode locations 3, 2 and 1 is respectively 4, 3 and 
2°C. One  cannot  conclude  that all of the  heat  is gener- 
ated  at  diode location 4. Part of the  temperature rise 
could  be caused by Joule heating of the  substrate.  The 
question could be  settled only  through  numerical solu- 
tion of the heat equation  for this  complicated system of 
sources  and sinks. It  has been shown  here  that,  for prac- 
tical purposes, soldering arrays  to a single sapphire  heat 
sink is simple and adequate  even if two  adjacent  devices 
are  turned  on simultaneously. 

Summary 
One  aspect of this work  was  to  determine optimum dif- 
fusion  conditions for  laser fabrication. Table 4 lists data 
for  some  representative  laser  arrays  and it is seen  that 
large  variations are possible. By matching source con- 
centration  and  the diffusion time and  temperature cycle, 
junctions were  obtained between 1.5 and 3.5 pm that 
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Table 3 DC threshold currents of diodes 1 ,  2, 3, 5 ,  6, 7 and 8 
in an array  as function of the current through diode No. 4. 

I 4  
~ 

0 
50 

100 
150 
200 - 

Ith ( 1 )  I t h  ( 2 )  I t h  (3) I t h  (5 )  Ith (6 )  I t h  (7) Ith (8)  

92 86 90 90 94 97 93 
94 88 93 93 96 100 95 
96 91 97 98 100 102 99 
98 92 99 100 102 104 100 
99 95 101 102 104 106 102 

Table 4 Comparison of laser arrays 

L140 LI 52 LI 84 

Substrate, Sn 2-3 x 10!8 1.8 x 2 x lo1* 
Source conc., Zn 9 X IOl9  1 X IOzo 1.3 X lozo 
Source prep. method Czochralski diffusion diffusion 
Diffusion 2 hrs./850” 2 hrs.1750” 2 hrs.1750” 

Xjr Pm 1.3 3 3.5 
a,  3 X 1025 s X 1024  2 X 1024 
Average I , ,  mA 83 84 71 
at 78 K 
No. of 
acceptable devices* 6  9 10 
Average output in 140 150 280 
mW at 0.5A at 78 K 
Contacts  Ag/Zn, AglTe GeIAulNi  Au, AuISn 

1 hr.1850” 1 hr.1850” 

*Defined as l,,, s 100 mA and Pout P 100 mW at 0.5A. 

had  essentially the  same threshold current.  The  concen- 
tration gradient of such shallow junctions  is in excess of 
loz4 ~ m - ~  and  the  junctions may be  considered “abrupt.” 
From C-V data  at 300 K  and 78 K,  the  concentration of 
trapping centers in the  junction region was found  to  be 
of the  order of 1017cm-3. If diodes in one  array  are 
compared,  uncertainties in parameters  such  as  junction 
area  and Vbi become  less important. However, small 
differences in C-V characteristics  between  the  diodes in 
one  array  do not correlate with the  laser thresholds. 

Soldering arrays  to a metal land pattern  on a sapphire 
wafer acting  as  the  heat sink is  quite  adequate  to  achieve 
cw  operation  at 78 K. The method is suited to mass  pro- 
duction;  contacts  are self-aligning and jigs are not re- 
quired. The truly  metallurgical bond is more rigid than 
pressure  contacts  but flexible enough to permit tempera- 
ture cycling. 
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The laser  beams are polarized; the polarization  gener- 
ally decreases  as  the  diode  current is increased. The 
direction of the plane of polarization  varies at  random 
from  one  diode  to  the  next in one  array.  On  the  average, 
most  beams will be polarized within 30” of the  junction 
plane. 

The beam power  output of these  devices is sufficient 
to  store  and  read bits in an EuO film, as  discussed in the 
accompanying paper by Wieder  and Werlich [ 31. 
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