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CHAPTER 1
Introduction
1.1 Motivation
Computer display panels create a vast color palette by combining color from three
light emitting diodes (LEDs), each producing red, green, or blue light. The light from
these three LEDs is chosen so that the display can generate the largest color combination
possible. Tri-color LED displays typically use one of two combinations of LEDs. In the
first, InGaN blue (480 nm), AlGaAs red (637 nm), and GaP green (572 nm). This
combination provides a full color spectrum, but is limited in its display of deep green
colors1 . The second option uses substitutes the GaP green for InGaN green (515 nm).
This shift to 515 nm, a more yellowish green, increases the depth of greens and reds in
the display. However, the incorporation of a green LED with a wavelength of 530 nm in
current LED displays would result in a color range and color depth that would
significantly exceed anything currently available. Such a technology would increase the
richness of displays and would also make the mixing of green colors less power intensive
given the availability of 'true green' in the display.
Another technologically relevant application for such a "true green" technology is in
lasers. Current green LED lasers are a combination of an infrared laser diode and a
frequency multiplier. Light emitted by the laser diode is passed through a frequency
doubler, which is a non-linear device that combines photons to create photons of higher
energy within the material. For commercially available green lasers, an infrared laser
diode emitting 1064 nm light is converted into 532 nm green light. While the fabrication
of such a device has become inexpensive, it is still a multi-component system. The

development of a green laser diode would reduce the costs associated with assembly of
such a system. In addition, the reduction in size of the entire laser diode would enable
the manufacturing of very small green laser-based devices.
The development of green emitting materials has been limited by the ability to grow
lattice-matched semiconductor material of the appropriate bandgap on commercially
available substrates. A III-V semiconductor material such as InGaP can be grown with a
bandgap of -2.3 eV to emit 532 nm light. However, the lattice constant of InGaP with
this bandgap is in the 5.45 to 5.5 A range. A suitable substrate might be GaAs with a
bandgap of roughly 5.65 A, but the lattice mismatch between these two materials is
roughly 4%. The deposited InGaP layer is populated by dislocations that propagate
through the material to the substrate, resulting in poor electrical conductivity and minimal
light emission if any.
The development of graded buffer substrates has enabled the lattice matching of
semiconductor materials whose lattice constants are significantly different 2. Layers of
incrementally changing percent composition are deposited on a substrate such as GaAs,
enabling a gradual change in lattice constant to one that more closely matches that of the
active material being deposited. This technology holds great promise for the fabrication
of devices with optical emission spectra never before available with traditional substrates.

1.2 Scope of Thesis
The development of "true green" LEDs and lasers using a graded buffer substrate is
explored in this thesis. The aim of this project was to fabricate a green InGaP LED in
order to determine the feasibility of making such a device on a graded buffer substrate.
The results of such an endeavor would outline the potential to develop a green InGaP
laser diode using a similar heterostructure and a ridge waveguide geometry. The first
step in this process was the fabrication of an AlInGaP red LED using the waveguide
geometry to test the operation of a known LED heterostructure in this geometry. The
second step was to fabricate an InGaP LED using the waveguide structure to characterize
the optical and electrical properties of the emitting material.
This project was successful in the completion of the first step, but was only partially
successful in the execution of the second step. The inability to successfully complete a
working InGaP LED was the result of a chemistry problem-wet etching. The results of
the working AllInGaP LED are presented, in addition to the problems encountered during
fabrication of InGaP devices.

CHAPTER 2

Fabrication of AlInGaP LED

2.1 AlInGaP waveguide structure
The starting material for the device fabrication was an MOCVD-grown AlIInGaP
heterostructure deposited in the MIT Substrate Engineering Laboratory, as illustrated in
Figure 1. This wafer was cleaved and transferred to the Technology Research Laboratory
(TRL) at the MIT Microsystems Technology Laboratory (MTL). The device was then
fabricated using the ridge waveguide process developed by Juwell Yu, and illustrated in
Appendix A.
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Fig. 1. AlInGap LED heterostructure.
The first step in the process is a PECVD deposition of 3000

A of SiO 2 oxide using an

STS-CVD. The deposition thickness of the oxide is determined by deposition time. The
exact deposition rate for the system is not known, but a 13 A/s estimate was used in
determining the deposition time. After oxide deposition, the hard mask pattern was
transferred onto a positive photoresist. After photoresist development, the profile height
was measured using a Dektak profilometer. The step height of the developed photoresist

was measured before the oxide hard mask etch. Developed positive photoresist (PR)
spin-coated at 3000 rpm yielded a PR profile height of 1 [tm. A two minute etch in a 3:1
solution of deionized water (DI) and buffered oxide etch (BOE) was performed for two
minutes, and a profilometer measurement was used to determine whether the oxide etch
proceeded to completion. It was found that the etch time varied, often requiring more
than two minutes and thirty seconds to completely remove the oxide. This is attributed to
the minor variability of the oxide thickness deposited in the PECVD. Because of the high
etch rate of BOE, some undercutting was observed in the profilometry measurements of
the oxide hard mask after removal of the photoresist.
The formation of the mesa structure required three etching steps. First, a 3:1:50
solution of phosphoric acid, peroxide and DI was used to remove the top p++/p-layer of
GaAs. The high etch selectivity of GaAs over AlInGaP material created an effective etch
stop at the AlInGaP layer. A second etch was used to remove the AlInGap p-clad, the
AlInGaP QW, and AlIInGaP n-clad layer. A 1:1:1 solution of phosphoric acid, HC1, and
DI was used to complete this second etch. The mesa structure was etched down partly
into the AlIInGaP n-clad layer.
After removal of the hard mask and the definition of a passivation layer on the
substrate, the n-metal contacts were deposited using electron beam deposition (E-beam).
The method of contact definition employed was an acetone liftoff. In an acetone liftoff, a
photoresist pattern is developed on a substrate. When metal is deposited using a nonconformal setup, the metal will produce a step layer over the surface of the substrate3
One of the parameters to consider in acetone liftoff is the height ratio of the photoresist
and the deposited metal. If the deposited metal is thicker than the step height between the

photoresist and the substrate, there will be a conformal metal covering, and there will be
no space through which the acetone can dissolve the photoresist. The developed negative
PR spin-coated at 3000 rpm yielded a profile height of 1.75 jtm. The thickness of the
deposited n-metal totaled 2100 A, with 100 A of Ni and 2000 A of an alloy of 88% Au
and 12% Ge. The thickness of the negative PR was almost 10 times that of the deposited
metal, ensuring a large PR sidewall surface area would be exposed to acetone during
metal liftoff.
The second parameter to consider in acetone liftoff is the deposition temperature of
the metal. If the metal layer being deposited heats up the photoresist, the solubility of the
photoresist could be affected by a temperature-induced change in chemical properties,
such as crosslinking. Upon placement in acetone, the photoresist would not dissolve, and
the metal layers deposited on photoresist would not be removed. In order to prevent this
change from occurring, the first 100 A of Ni were deposited at 1 A/s in two 50 A steps,
separated by a cooling time of 5 minutes between each step. The low deposition rate and
short depositions were implemented to reduce the amount of heat to which the photoresist
was subjected. The AuGe layer was then deposited in one step, at 1 A/s. The lower
melting temperature of Au did not require the layer to be split into smaller depositions.
Once acetone liftoff was completed, the substrate was annealed in a rapid thermal
annealer for 30 seconds at a temperature of 425 oC. This was done to allow the Ge from
the AuGe layer to diffuse into the AllInGap n-clad layer and dope the n-clad region
contacting the metal. This ensures a good ohmic contact with the substrate4 .
A similar metal deposition method was followed for the p-metal contacts. Two 50 A
depositions of Ti were performed at 1 A/s, and separated by 5 minutes. A subsequent

2500 A layer of Au was deposited at 1 A/s. No annealing was done on the p-metal
contacts to prevent downwards diffusion of the metal into the active region QW of the
device.
2.2 Device Testing and Characterization
Once completed, the devices were moved to the Kolodziejski lab for optical and
electrical characterization. Figure 2 shows the experimental setup for the device
characterization. The fabricated wafer piece was cleaved into 1 mm thin slices and
placed on the Peltier cooler, with the device end pointed towards the photodetector.
Figure 3 shows the successful illumination of an AlInGaP LED. The wafer piece showed
low yield on the devices, with very few turning on at all.
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thermocouple-controlled Peltier cooler (gold square), and optical measurements are taken with a
800 nm-1600 nm photdetector placed perpendicular to the cooler (center). A lighted microscope
illuminates the setup.

Electrical and optical characterization of one device is illustrated in Figure 4.
Incorrect temperature readings were a major source of problems during testing, as the
cooler actually began to heat the samples to 28 oC instead of cooling to 15 oC. The jump
in optical power values close to 100 mA were the result of a faulty thermocouple which
resumed correct operation in the middle of data acquisition. This, the jump is the effect
of the sample being cooled to 15 oC, hence decreasing the number of thermally generated
recombination events and increasing photo output. In order to evaluate the repeatability
of the measurement, the current was swept back below 100 mA and back, and the
observed top curve shows a continuous decrease in power consistent with the 15 oC curve
seen at 100 mA.
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waveguide geometry. The two thin strips of light are from the oxide passivation layer around the
active region. The bright spot close to one of the probes was the result of a scratch during probe
placement.
This device exhibited a fairly low output of 15 piW at 100 mA. Commercially
available AlInGaP dies have typical power ranges in the 100 mW, in addition to

operating at a much lower current of 20 mA5 . However, two notes regarding our
experimental setup must be noted. The first regards the geometry of the device being
tested. As observed in Figure 3, the device is very emissive through the passivation layer
beneath the top p-contact metal. This light escapes the device perpendicular to the
photodetector opening, and is thus not measured. The second experimental issue is that
the photodetector used was tuned to measure light in the 800 nm to 1600 nm range. The
red light being emitted from these LEDs was -630 nm. A good approximation of the
variance in power measurement is a ratio of 630/800, indicating that the power measured
by the photodetector was 79% lower than that actually being emitted. Thus, we can
estimate a maximum power output of -20 CpW at 100 mA.
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Fig. 4. Plot of photo power output and I-V characteristic of an AlInGaP LED fabricated using
the ridge waveguide geometry. The jump in L near 100 mA resulted from the cooling stage
decreasing temperature from 28°C to 15 'C.

2.3 Problems of Fabrication of InGaP LEDs
The fabrication of InGaP LEDs presented some unforeseen problems, particularly in
the etching of the active InGaP layers. One of the first InGaP samples taken to
fabrication was grown on a tensile buffer, which resulted in a high concentration of
dislocations propagated from the underlying substrate and through the material to the
surface (Fig. 5). These dislocations presented as cracks at the surface, resulting in an
RMS roughness that varied from less than 100 A to more close to 1 Jtm. This became
problematic during mesa etching.

a

b

Fig.5. Compressive and Tensile buffers. (a) In a tensile buffer, atoms of the deposited material
are stretched to match the lattice constant of the underlying substrate, generating dislocations that
propagate from the substrate to the surface. (b) In a compressive buffer, deposited atoms are
compressed to match the lattice constant, typically resulting in the suppression of such
dislocations.

After etching the oxide hard mask, the wafer pieces were placed in a solution
containing 1:1:1 of phosphoric acid, HCl, and DI, as used with the AlInGaP wafers.
However, no etching was observed over a 20 minute period, composed of two 10 minute
etches. The obvious possibility was that the oxide mask had not been fully etched
down,
and that there was a thin residual oxide layer preventing etching of the underlying InGaP.
The oxide mask was etched in order to restart the fabrication process. However, upon
removing the oxide layer, the oxide mask pattern remained in the InGaP wafer
piece,

indicating that the InGaP had been slightly etched. Profilometry was used to quantify the
amount of etching in the InGaP. However, it was impossible to determine an exact depth
due to the high degree of surface roughness on the wafer, and a depth of -100

A was the

best estimate.
When the process was repeated, the oxide hard mask pattern was placed
perpendicular to the pattern that remained on the substrate in order to avoid the confusion
of two similar line patterns in the same direction during optical alignment on the
lithography mask aligner. The hard mask was again etched in a BOE, this time for an
extra 30 seconds, which likely increased undercutting but would ensure that the mask
pattern was well defined and left the InGaP substrate (Fig. 6) exposed.
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Fig. 6. Heterostructure of InGaP LED.
A second attempt at etching InGaP with the AlInGaP/InGaP etch chemistry did not
show any signs of etching. It was determined that the likely cause of the very slow etch
rate was that the AlInGaP etch chemistry did not etch regular InGaP at the same rate6 .
This seemed unlikely because this etch 7 had removed the InGaP QW in the AlInGaP
device. However, the unetched InGaP substrate was enough concrete evidence to suggest
the use of a different etch chemistry. It was suggested that a dilute piranha etch

and
chemistry be used instead. A piranha etch is a combination of peroxide, sulfuric acid
DI. The first attempt with a 1:8:80 solution of peroxide, sulfuric and DI had no effect on
the substrate, and a slew of solutions were tried until a depth mostly within the n-clad
InGaP layer was reached. Due to the surface roughness of the material, there was
variance in measured depth of more than 500 nm. The etched pattern contrasted with the
previous shallow pattern left from the first unsuccessful etch, but there were some
noticeable etching artifacts.

Fig. 7. Images of InGaP substrate after a second oxide etch. (a) Faded vertical pattern is first etch
attempt; dark horizontal lines are successful second etch. (b) Tiling pattern in horizontal second
etch. Etching along 1st vertical etch indicates etching undercutting into shallow etch regions.
The most important of these artifacts is the etching of material in areas other than the
waveguide pattern. As seen in Fig. 7b, the deeply etched horizontal pattern also shows
some etching along the original etch pattern. This indicates that although the first failed
etching attempt resulted in seemingly insignificant etch depths, these were deep enough
to affect hard mask etching. Variations in the height of the photoresist likely affected the
oxide hard mask etching and resulted in some undercutting, leading to the etch "leaking"
into the old shallow pattern. This leaking problem became more observable in the
patterning of the cuts into the passivation layer, as seen in Figure 8.

Fig. 8. Passivation cut pattern in InUiaP.
As etch leaking became more prominent, aligning patterns under the exposure system
became increasingly difficult because the contrast differences observable in color
microscopes were not present under the black and white aligner microscope. Figure 8
shows the misalignment of the top p-metal passivation cut (thin blue line) overlapping an
etch-leaked region. This is one of the causes attributed to the inability of these InGaP
devices to turn on, in addition to the aforementioned variability in observed etch depth.
Another factor which may have contributed to the failure of these devices is the
combination of variation in height along the pattern, due to the overlap of the old and
new patterns, along with the high surface roughness of the sample. The hypothesis that
the variations in height and/or surface roughness led to lack of connection along a metal
contact was corroborated with a simple electrical test. Two probes were placed on the
same metal contact, separated by a few hundred microns. Resistance measurements
indicated an open circuit, typical of metal contacts that are not continuous. The
discontinuity in the metal contacts resulted from large step differences that prevented
conformal coating during metal deposition.

2.4 InGaP wet etching
A second attempt at fabricating an InGaP LED was performed on a substrate piece
with the heterostructure shown in Figure 9. The same process used with the previous
wafers was followed until the oxide hard mask was defined. The weak piranha solution
used for the previous wafer did not generate as fast an etch rate with this new wafer.
Rather than add more acid or peroxide at will until the structure etched to satisfaction, it
was suggested to add acid and/or peroxide incrementally to the solution and measure the
etch rate with each addition. This method permitted the controlled increase of etch rate to
the solution without risking over-etching the sample beyond the n-clad InGaP layer.
Table 1 summarizes the results of this methodical etch rate measurement.
InGaP:Zn p-clad layer, 1040nm
,,nrI^nrl a

Ilnf'•,D

W

Rnm

InGaP:Si n-clad layer, 995nm

Undoped GaP graded buffer on semi-

insulating GaP -10microns

Fig. 9. Heterostructure of second InGaP substrate.
Upon completion of the first 5 minutes of the 4:32:80 piranha solution, the wafer
pieces had to be removed from the beaker. However, one of the wafer pieces fell out of
the wafer holder and to the bottom of the acid beaker. To remove the piece it was
necessary to empty the entire beaker through suction, thus necessitating the mixing of a
new solution with the same chemical proportions. However, one variable in this entire
measurement of etch rates had been overlooked. In simply adding more of one

component to the solution in order to change its proportions, the ionic strength of the
resulting solution was not equivalent to ionic solution of a freshly prepared solution with
the same proportions. The new acid was added to 'used' acid, whose ionic strengths
were not equal. Notably, when a new 4:32:80 piranha solution was prepared and used for
a 5-minute etch, the etch rate of the fresh solution was a factor of 7 greater than that of
the incrementally created solution. The result was not surprising. Instead of etching
4000 A, the solution consumed away more than 25,000 A in the same amount of time.
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Table 1. Etch rates InGaP for different piranha chemistries.
Although the InGaP wafer was rendered useless, the experiment did provide some
excellent information about InGaP etching. The method of measuring etch rates by
incrementally increasing piranha solution components yields much different etch rates
than those obtained from fresh acid solutions. This idea seems simple enough, but it is
often overlooked in practice, where obtaining the proper etch depth takes precedence
over developing an etch recipe that has consistent etch rates. Another important piece of

information obtained from this experiment is the actual etch rate of a piranha with two
different, fresh solutions. For both the 1:8:80 and the last 4:32:80 solution, the measured
etch rates are important starting points for developing a controllable InGaP etch. The
4:32:80 etch would be the best place to start on a future InGaP wafer, because its fast etch
rate would be the perfect complement to the BOE etch from the previous processing step.

CONCLUSIONS
3.1 Summary of accomplishments
An AlInGaP light-emitting diode was fabricated as a proof of concept for the ridge
waveguide structure. This device did not demonstrate high power output at the ends of
the one-dimensional structure. However, this is an artifact of the geometry of the device
which emits in all directions through the passivation layer. While this device geometry
results in high loss for an LED, a laser emitter would likely show improved emission at
the device ends due to resonance along the device length. The success of this structure in
an LED holds promise for its use in InGaP LED and laser devices.
Fabrication of an InGaP LED was more problematic than previously thought from a
process perspective. The continuity of InGaP material throughout the active region
without an etch stop proved problematic to etch. Etching of InGaP using wet etch
chemistries from the literature was impossible, and it was necessary to switch to a
piranha-based wet etch. Several attempts were made to controllably etch the waveguide
mesa with several Piranha etches, but problems unique to each attempt resulted in etching
beyond the n-clad layer of the device. Although an InGaP device was not fully
fabricated, the trial-and-error experiments with different chemistries generated a good
reference for future piranha InGaP wet etching and the resulting etch rates.

3.2 Suggestions for Future Work
The challenge of identifying a controllable InGaP etch chemistry prevented
fabrication of InGaP devices beyond the mesa definition process. Fabrication of an
InGaP device using the ridge waveguide geometry will be much easier, and is the next

step in this project. One option to consider in the future fabrication of InGaP devices is
the use of a dry etch, such as a reactive ion etch (RIE) instead of a wet etch. This would
require some additional chemistry work to determine an optimal etch, but could be an
option for avoiding the delicate nature of wet etching. The characterization of LED
devices fabricated using this geometry will require an updated experimental setup with a
photodetector that can realize measurements for wavelengths below 600 nm. In addition,
a measurement of the top-side of the waveguide structure, above the oxide passivation
layer through which light is lost, would give a more exact power output measurement for
the entire device. The fabrication of InGaP LEDs using the waveguide structure will
ultimately enable the development true green LEDs and green laser diodes.

APPENDIX A

AlInGaP & InGaP Ridge Waveguide LED Process Sequence
Process developed by Juwell Wufor TRL at the Microsystems Technology Lab.
Step Process
1
Deposit 0.3 gm PECVD oxide
2
Spin-coat positive photoresist at
3krpm, expose with dark field
contact mask 'Laser 2a' for 1.8 s
and develop for 65s. Inspect
pattern under microscope.

Description
Oxide hard mask
Pattern photoresist
for mesa oxide hard
mask

3

Dip in 3:1 DI:BOE for 2 min.

Pattern oxide hard
mask

4
5

Strip photoresist
(H3PO 4 :H20 2 :H20 3:1:50) Dip,
(H3PO 4 : HCl: H20 1:1:1) Dip,
DI water rinse
Dip in 3:1 DI:BOE for 2 min

6
7
8

9
10

11
12
13

Mesa definition etch

Machine
STS-CVD
HMDS
Coater
Prebake oven
EV1 Aligner
Solvent Hood
Postbake oven
Acid Hood 1
(Red)
Solvent Hood
Acid Hood 1
(Red)

Strip oxide hard mask Acid Hood 1
(Red)
Deposit 0.3 pm PECVD oxide
Oxide Passivation
STS-CVD
layer
Spin-coat positive photoresist at Pattern photoresist
HMDS
3krpm, expose with dark field
for Passivation layer
Coater
contact mask 'Laser 2b' for 1.8 s cuts
Prebake oven
and develop for 65s. Inspect
EV1 Aligner
pattern under microscope.
Solvent Hood
Postbake oven
Dip in 3:1 DI:BOE for 2 min.
Make oxide
Acid Hood 1
Passivation layer cuts (Red)
Spin-coat negative photoresist at Pattern photoresist
HMDS
3krpm, expose with light field
for n-metal liftoff
Coater
contact mask 'Laser 2c' for 1.8 s
Prebake oven
and place in prebake oven.
EV1 Aligner
Flood expose for 60s. Develop
Solvent Hood
for 90 s. Inspect pattern under
microscope.
Deposit 100 A Ni/ 2000 A AuGe Deposit n-metal
E-beam (Red)
Acetone liftoff
Solvent Hood
Rapid Thermal Anneal for 30 s
Metal doping of
rta35 (Red)
at 425 0C
n-layer

Step Process
14
Spin-coat negative photoresist at
3krpm, expose with light field
contact mask 'Laser 2d' for 1.8 s
and place in prebake oven.
Flood expose for 60s. Develop
for 90 s. Inspect pattern under
microscope.
15
Deposit 50 A Ti/ 2500 A Au
16
Acetone liftoff

Description
Pattern photoresist
for p-metal liftoff

Machine
HMDS
Coater
Prebake oven
EV1 Aligner
Solvent Hood

Deposit p-metal

E-beam (Red)
Solvent Hood

arting substrate

Z. Ueposit JUUU
A !l)U 2

iin-coat 1 gtm positive photoresist

mask

I

I

-M-

7. BOE to remove oxide hard mask

I

-i

I

I

9. Spin-coat 1 ipm
positive photoresist

10. Pattern photoresist

11. BOE etch to cut passivation layer

i . zpin-coat negative pnotoresist

13. Pattern photoresist for n-metal deposition

I

14. E-beam deposition 100 A Ni/ 2000 A AuGe

m

15. Acetone photoresist litott

16. Spin-coat negative resist

m m

& rapid thermal anneal

I

I

I

II

I

17. Pattern phiotoresist tor p-metal deposition

I

F-u-

18. E-beam deposition 50A Ti/2500 A Au

m 1

19. Acetone photoresist liftoff

---
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