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Abstract

As the demand for faster, more efficient, and more robust electronics continues to grow, new materials
beyond silicon need to be explored. In the field of power electronics, gallium nitride (GaN) is a strong
candidate for next-generation devices due to its wide bandgap (3.4 eV), high electron mobility (>1500
cm?/V-s), and large electron sheet concentration (10%* cm™). These properties enable high performance
devices that are mechanically and electrically stable in harsh conditions such as high temperatures or
extreme bending. Due to the prohibitive cost of free-standing GaN, GaN wafers are typically created
through epitaxial growth on sapphire, silicon carbide, or Si (111) substrates; through substrate removal
processes, the <5 um thick GaN layers enable new thin-film technologies such as flexile electronics. In
this project, we develop a wet etching based low-cost substrate removal process for GaN on Si (111) and
characterize the structural and electrical properties of the material before and after substrate removal

as well as at various bending conditions.

Subject Keywords: GaN; high electron mobility transistors; flexible electronics
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1. Introduction

Since the 1960s, the silicon-based transistor has been the core component of all modern
electronics [1]. Decade by decade, as the need for smaller, faster, more robust, and more efficient
transistors grew, industry continuously kept up with the demand through countless innovations such as
the metal-oxide-semiconductor field effect transistor (MOSFET), insulated gate bipolar transistors IGBT,
strained silicon-germanium alloys [2], high k gate dielectrics, etc. However, as we continue to advance
our solid-state technology, we are pushing the theoretical limits of silicon-based devices. This has forced
researchers to seek alternate materials with properties that allow them to achieve higher performance

in specific areas.

One major area that can benefit from alternate materials is robust and high power electronics.
Table 1 lists several common semiconductors and some key properties for their performance in different
areas [3], For robust and high power applications, a parameter of particular interest is the material’s
bandgap, which is directly related to the critical electric field. Since the bandgap quantizes how tightly
electrons are held to the material lattice, a high bandgap is desired for high power applications where
electric fields become large enough to provide sufficient energy to electrons to break the bonds of the
material. Moreover, with tightly bound electrons from a high bandgap, a semiconductor device can
withstand higher temperatures and radiation from extreme environments because excess carriers will
not be generated by the environment. From Table 1, it is apparent that gallium nitride (GaN) is an
excellent choice for high power and robust electronics due to its wide bandgap and critical electric field.
A second feature of GaN that differentiates it from other wide bandgap semiconductors like silicon
carbide (SiC) is its ability to utilize a high electron mobility (HEMT) structure that allows it to perform

well in higher frequency applications such as radar and communication systems.



Table 1. Material Properties of Several Semiconductors

MATERIAL BANDGAP (eV) CRITICAL ELECTRIC ELECTRON MOBILITY THERMAL CONDUCTIVITY

FIELD (106 V/cm) (cm?/V-s) (W/cm-K)
Si 112 0.3 1,400 1.5
GaAs | 1.43 0.4 8,500 (2DEG) 0.46
4H-SiC | 3.26 3 1,000 4.9
GaN | 3.45 5 2,000 (2DEG) 1.3

1.1 GaN HEMTs

Over the last decade, GaN high electron mobility transistors (HEMTs) have been a promising
candidate for next-generation electronics where it enables faster, smaller, and more efficient transistors
than current silicon-based technologies. Thanks to the wide bandgap of 3.4 eV, large critical electric field
(~3 MV/cm), and high electron saturation velocity (2.7 x 107 cm/s), GaN is particularly well suited for
high power and high frequency applications such as high power radar systems, electric vehicle power

supplies/inverters, and high speed wireless communication systems [4].

An important property of GaN is its ability to form a two-dimensional electron gas (2DEG) when
AlGaN is grown on top of a GaN surface. This 2DEG is a highly mobile and dense sheet of electrons that
forms the basis of the HEMT and is a result of the spontaneous and piezoelectric polarization differences
present at an AlGaN/GaN interface. This method of 2DEG formation differs from that of the GaAs-based
HEMT in that the GaN HEMT does not require doping. Since the electronegativity differences between
the Ga and N atoms is large, they tend to align in their lattice and form a wurtzite crustal structure while
GaAs, which has lower electronegativity differences, forms the close-packed Zinc-Blende structure as
shown in Figure 1 [5]. Due to the alignment of the Ga and N atoms in GaN, they create a spontaneous
polarization field. By further straining the crystal, we can introduce piezoelectric polarization as well that
further enhances the 2DEG. Figure 2 shows the formation of the 2DEG in a triangular quantum well due

to the conduction band offsets and polarizations.



Figure 2. 2DEG formation at AIGaN/GaN interface

Since the 2DEG is the main conductive channel the HEMT, its electrical properties are of major
importance to the transistor’s performance [6]-[9]. In addition to increased scattering, threading
dislocations can act as deep traps within the bandgap, which can lead to detrimental effects in a HEMT
such as current collapse or virtual gating [10]. Thus, it is very important that high quality GaN is used for
high performance devices. Traditionally, GaN has been grown on Al,Os or SiC where the lattice constant
and coefficient of thermal expansion are relatively closely matched [11]. However, when trying to scale
GaN to larger wafer diameters to reduce cost, this causes problems because of the limited availability
and high cost of Al,0sz or SiC growth substrates. To circumvent this issue, several groups have grown GaN
on large Si(111) substrates where various buffer layers are used to produce high quality wafers (defect
density <10° cm™) despite poor lattice matching [6], [7], [12]-[18]. Using Si provides a large cost

improvement, but also enables another interesting application: substrate removal.



Because free-standing GaN is only available in extremely limited quantities, by using Si as a
growth substrate, we can easily remove the silicon and be left with the thin GaN layer grown on top.
Typically, for high power devices, buffer breakdown is one of the first failure mechanisms. This is where
a device that is in the off-mode conducts through the substrate instead of the 2DEG channel resulting in
a conducting transistor instead of one that is cut off. By removing the substrate, this breakdown mode

can be suppressed and the overall voltage blocking capabilities of the transistor are improved.

1.2 Flexible Electronics

As technology continues to progress, the desire for flexible electronics to enable exciting new
technologies such as wearable electronics, minimally invasive bio-sensors, or more robust and

lightweight solar cells continues to grow [19].

While several methods for flexible electronics are discussed in Chapter 2, an interesting
application of the previously mentioned substrate removal process for GaN HEMTs is that it allows for
high performance bendable devices. When mounted on flexible substrates such as a plastic, devices on
very thin GaN films (<5 pm) can be bent without breaking. While flexible circuits have been produced
using organic materials, their poor performance makes the use of thin film semiconductors highly

desirable.



2. Literature Review

As mentioned in Chapter 1, several methods of creating flexible electronics have already been
attempted. For example, Sekitani et al. have demonstrated organic semiconductor devices capable of
stable bending with a radius of curvature as low as several millimeters [20]. However, as is typical of
these organic semiconductors, mobilities in these devices are as low as 0.5 cm?Vs 1. Other thin-film
transistors (TFTs) have been made using metal oxides [21] or amorphous silicon [22], with the highest
mobility on the order of ~10 cm?V-1s! coming from polycrystalline silicon [23]. Besides the low mobility,
these TFTs are also often plagued with high operating voltages (>20 V) making them impractical for
wearable applications. An alternative to these materials is GaN, which has an electron mobility greater

than 1500 cm?Vs't and is mostly transparent for discrete bio-applications.

While GaN is promising material, some considerations need to be addressed. One problem that
has only been minimally studied is the effect of bending on device performance. For nearly all types of
semiconductor (organic, metal oxide, or typical semiconductor), the mobility has been experimentally

shown to vary linearly with bending radius, R, according to [24]:

u(R)
Ho

=1+ me (2.1)

where p(R) and pg are the mobility during bending and flat conditions respectively, € is the strain, and
m is an experimentally determined constant. However, since the 2DEG properties of a HEMT depend on
the piezoelectric polarization of the AlGaN and GaN materials, it is reasonable to expect that bending
will further effect their electrical performance by altering the free carrier concentrations of the electron

gas.

Several thin-film GaN HEMTs made through substrate removal have already been studied [25]-

[27]. In these studies, it has been concluded that by bending GaN devices, the on-resistance decreases



and the 2DEG sheet concentration rises. Theoretically, this change in sheet concentration, ng, is

determined by [27]:

Os
ng = ; = (Psp,GaN + Pflex,GaN) - (Psp,AlGaN + PpZ.AlGaN + Pflex.AlGaN) (2.2)

where g; is the sheet charge density at the GaN/AIGaN interface, g is the electron charge, Psp, is the
polarization contributions due spontaneous polarization, and Ps.x, and P, are the piezoelectric
polarization contributions due to external flexing and internal layer stress respectively for GaN and

AlGaN. The change due to bending is determined by the values of Psex, Which is given by:

C
(O'x + O'y) <e31 — €33 (C_;§)>
2CE
C33

(2.3)

Pflex =

(Ci1+ Ci2) —

where o is the layer strain, e and C are the piezoelectric and elastic coefficient matrix elements for their

respective subscripts.

To create their samples, these studies have either employed mechanical lapping followed by a
silicon etch, or silicon reactive ion etching (RIE) to gently remove the silicon. As of very recently (after
starting this project), a team from France has improved a substrate removal process for transferring GaN
thin-films on to flexible tape [2]. They concluded that over-etching in the hydrofluoric/nitric/acetic
(HNA) acid etchant solution leads to cracks in the GaN films which destroys device performance. Due to
the over-etching, they altered their initial approach of mechanical lapping of the Si down to 100 um
followed by an aggressive wet etch to lapping followed by a gentler reactive ion etch (RIE). Typically, RIE
tends to be significantly more expensive than wet etching, so it was avoided in this senior thesis project

in favor of finding a more affordable and scalable process.



3. Preliminary Tests and Characterization

To determine the effects of substrate removal on device performance, it is important to have a
baseline for the properties of our material before any processing. Properties of interest for our wafers
include structural confirmation, defect densities, crystalline quality, electron mobility, and electron
sheet concentration. Scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray

diffraction (XRD), and Hall measurements were employed to fully characterize the samples.

The desired device structure for our HEMT samples is shown below in Figure 3 [7]. It consists of
an 8 inch Si (111) substrate followed by an AIN nucleation layer to prevent gallium melt-back etching of
Si [28] and linearly step graded AlGaN buffer layers. The buffer layers are used to control wafer bow and
establish compressive strain to prevent cracking in the subsequently grown GaN layers. After the buffer
stack, an initial GaN layer and AIN interlayer reduce dislocation density and control wafer curvature [29].
Carbon doping is employed as an auto-compensator to remove the effects of any unintentional doping
caused by residual oxygen impurities during growth. Through compensation, we lower the GaN’s
conductivity and reduce leakage currents in the device, which help prevent premature buffer
breakdown [30]. The top GaN/AIN/AIGaN layers form the HEMT structure. The AIN layer is used to
increase the conduction band offset and better contain the 2DEG, and the 14 nm Alg5Gao.7sN layer
forms the 2DEG. The final 2 nm GaN cap layer improves surface morphology and minimizes electrical

contact resistance [31].
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Figure 3. GaN on Si HEMT structure

3.1 SEM Structural Analysis
To confirm the structure, the wafer was cleaved and the cross-section was observed using SEM

as shown in Figure 4. In this image, the layers are clearly defined with the desired thicknesses.

3.2 AFM Defect Density Calculations

An important metric that can affect HEMT performance is defect density. When viewed with
AFM, threading dislocations can be seen as small, round, dark circles. Using software created with
Python (see Appendix B), these defects can be accurately counted and defect densities can be
calculated. For the wafer probed here, a defect density of 0.89 x 10° cm was measured for the mid-
radial portion of the wafer, which was determined to be the highest quality [7]. This value is comparable
with other high quality GaN crystals grown on SiC and sapphire. An example of the AFM images with

defects marked in blue on the right of the image is shown in Figure 5.
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Figure 4. SEM of wafer cross-section

Figure 5. AFM defect determination



3.3 XRD Strain Determination

Using XRD, it is possible to measure the strain for each layer in our HEMT structure. Due to the
high lattice mismatch between GaN and Si, when we release the GaN from the Si substrate, we expect

to see a change in the measured strain.

To determine layer stress, XRD reciprocal space mappings of the (0002) and (10T 5) planes are
required. From here, we can use the d-spacing (distance between adjacent planes) as determined by

XRD to compute the a and c lattice of the crystal with [32]

d 3 a? c2

(1)2 _ f(hz + hk + k2> N 12 3.1)

where h, k,i, and [ are the Miller indices of the scan planes (h kil), and a and c are the measured

lattice constants of the material.

By solving Poisson-Vegard’s law [32] shown in Equation (3.2), we can compute the alloy
composition and lattice constants of the strained lattices. In these equations, a bowing parameter has

been added.

cm(X) — cp(x) B 2v(x)  ap(x) —ae(x)
0@ v a® (32)
where
co(x) = xcyn + (1 —x)cgan — bex(1 —x) (3.3)
ag(x) = xayy + (1 —x)agey — bax(1 —x) (3.4)
v(x) = xvyy + (1 — X)Vgan- (3.5)

In these equations, ¢,,(x) and a,,(x) are the measured c-axis and a-axis lattice parameters and ¢y (x)
and ay(x) are the relaxed lattice parameters for the Al content percentage, x. We use the a and c-axis
bowing parameters, b, and b, for the Al\Gai«N lattice constants where b, = 0.018 and b, = —0.036
along with Poisson ratios v4;y = 0.272 and v,y = 0.183 [32], [33].

10



Using the calculated lattice constants, we can also determine the in-plane (e«) and out-of-plane

strain (&y,) using:

(@~ a0 (36)
= ao(x)
_en® — 60(®)
&yy = o) 3.7)

After completing these measurements, the layer compositions of the buffer layers were determined to
be Alos2GaoisN, AlossGaoaiN, and Alo3.GaoesN for the first, second, and third AlGaN layers respectively.

Additionally, the layer stress before substrate removal for each layer from the mid-radial wafer position is shown

in Figure 6.
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Figure 6. In-plane Strain for each layer

3.4 Hall Measurement Electrical Characterization

Because we expect the electrical characteristics to change as a function of layer strain, we also
performed Hall measurements to determine the electron mobility and sheet concentration for the

HEMT samples. The fabrication process for Hall measurement samples is described in Appendix B.
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With Hall measurements, it is easier to determine whether a device is cracked or not. With a
cracked device, we would see very poor mobility or (more likely) not even be able to make a complete
measurement. Thus, with Hall samples that are working before substrate removal, we can confirm that
the transferred GaN films are still crack free if they have comparable mobility. Any changes should be

due to changes in strain after transfer as well as non-cracking defects.

For the sample before substrate removal, Table 2 summarizes the results of the Hall
measurement at both room temperature (RT) and low temperature (LT) which was obtained by

submerging the samples in liquid nitrogen (77 K) during measurements.

Table 2. Hall Effect Results

POSITION 2DEG CONC. MOBILITY
[103/cm?] [em?/V-s]
\ RT LT RT LT
MIDDLE ‘ 1.20 +0.05 1.20+0.1 1447+54 5561+ 820

12



4. Substrate Removal Process and Results

As discussed in Chapters 1 and 2, the most commonly used method for substrate removal of
GaN on Si is to use mechanical lapping followed by reactive ion etching (RIE). However, due to the
complexity of the equipment and chemicals used, this process is somewhat expensive and difficult. An
alternative approach used in this project is a wet etching process. The most common silicon etchant is
KOH, but this chemical shows strong anisotropy in its etching with a very slow etch rate on the (111)
plane (the surface plane of the Si substrate). Thus, we instead use an etchant made from hydrofluoric,
nitric, and acetic acids, commonly referred to as HNA etchant. Another benefit of using this solution is
that it will not etch AIN of GaN, so in theory, there is no danger of over-etching. The etch rates of this
solution are shown in Figure 7 [34]. The ratio of HNO3:HF:HC,H30, used here is 5:3:3, which has an etch
rate of ~3 mils/minutes (75 um/min). This was chosen for its moderate etch rate and because it was

readily available from our supplier.

Since the goal of this project is to test the quality of the material before and after substrate
removal as well at various bending conditions, it made sense to use the same Hall measurement
samples that had already been measured. These samples already had ohmic contacts deposited in the
corners, were conveniently sized to not waste material, and provided direct sample-to-sample
comparison. Figure 8 shows the Hall sample before etching. The ohmic contacts made of titanium and

nickel are visible in the corners.

13
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Figure 7. Etch rates of Si in mils/min for solution of 48% HF, 70% HNOs, 100% HC,Hs0,

Figure 8. A 4 x 4 mm Hall sample

After the silicon is completely etched away, we are left with a several micron thick piece of GaN

that is extremely fragile. Thus, the first issue to resolve was that of sample handling. To allow easier

handling, 2 inch sapphire wafers were cleaved into quarters and the samples were bonded to the

surface GaN-side down. Sapphire was used due to its complete resistance to the etchants used. The next

hurdle was determining the proper adhesive to use for bonding the GaN sample to the sapphire. We

14



needed a material that could provide a strong hold, was completely acid resistant, and could be easily
removed. Typically, for bonding processes such as this, crystalbond, double-sided tape, or thermal
release tape is used. However, after testing these materials, none of them could withstand the acid
solution. To ensure we used a strong enough adhesive, we then turned to black wax, which is
completely chemically inert and can be melted at temperatures greater than 110 °C to mount and
remove the sample. This wax holds up very well in the solution, but tends to be too sticky to easily
remove the sample after etching. As an attempt to simplify the release, many different mounting
techniques were developed and tested including using thermal release tape, double-sided tape,
photoresist and combinations of all the materials listed. Appendix A outlines all the various methods

tried with illustrations and results when available.

While sample mounting proved to be the most difficult portion of this project, another major
concern was sample cracking. Figure 9 shows a successfully transferred GaN layer, but it is apparent that
the sample is clearly cracked along the typical 60° cleave planes we see in GaN. In the image, we can
also see some un-etched Si as the black dot in the center and some remaining wax on the back side of
the GaN. Unfortunately, results like this were very common and nearly every transferred GaN sample
was cracked and most were missing pieces. Figure 10 shows a microscope image of another cracked

sample with complete silicon removal and visible contacts.

For several samples, it was possible to achieve crack-free etching as shown in Figure 11.
However, to transfer the samples properly requires a rinse in a chlorinated solvent; here,
trichloroethylene (TCE) and 1,1,1-trichloroethane (TCA) were used. During the rinsing process, any
sample that was un-cracked would be washed away and be lost in the solution, so we could not retrieve
it. While not cracked, a closer inspection of the sample also shows some stress lines along the edges of

the sample. We are currently unsure of what is causing these and how they affect performance, but

15



their existence should be noted. A positive takeaway from this image is that the metal contacts can still
be seen in the corners of the sample, which indicates the wax is fully protecting the surface and if

complete transfer is achieved, Hall measurements will be possible without reapplying contacts.

Figure 10. Cracked GaN before transfer
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Figure 11. Un-cracked with complete Si removal before transfer

Although many more complex procedures have been attempted in this project, the most recent
and most promising technique starts with mechanical lapping. To begin the process, samples are
mounted on the unpolished side of the sapphire wafer using the black wax at 200 °C. The unpolished
side is used with the hope that the slightly increased surface area will improve adhesion. Then, all excess
wax is removed with TCA, which differs from initial processes where this was done after etching. We do
this to avoid losing the sample in the rinsing step after etching since it is no longer necessary. Etching
was attempted at this point, but the samples were continually cracked. According to Mhedhbi et al., a
major cause of the cracking is prolonged exposure of the GaN layers to the acid solution [2]. As can be
seen in Figure 12, the etchant removes the silicon from the edges faster than the center, which we
would expect because the corners and edges have more exposed surface area than the middle. This
means that while the center of the silicon is still etching, the edges are over exposed and will tend to
crack. In an attempt to combat this, mechanical lapping was employed to thin the silicon and therefore
reduce the etch times. The sapphire wafers with mounted GaN samples were attached to the lapping

chuck using crystalbond and then, using 15 um diameter Al,O3; powder, the samples are thinned down

17



from 750 um to approximately 200 um at a rate of about 150 um/hour. As the samples approached
their final thickness, care had to be taken to reduce the grinding rate so that the samples would not
crack as seen in Figure 13. Because lapping can ruin the adhesion of the wax around the edges of the
sample, an additional step is added where more wax is heated next to the sample and we slide the
sample onto the new wax. Once again, we remove the excess wax with TCA and then etch the sample.
To remove the sample, a glass slide with double-sided tape is pressed on the sample and then heated to
200 °C to melt the wax. Then, we lift the slide with the sample attached to the tape. Finally, residual wax
is gently removed in a TCA rinse and the transfer is complete. Images summarizing the process and the
final result are shown in Figure 14-Figure 17. While nearly complete sample transfer was achieved, the
sample was badly cracked with the contacts etched away. Further refinement in the process is needed

to prevent cracking.

Figure 12. Example of uneven Si removal; the shiny portion in the middle is remaining Si

18



Figure 13. Cracked sample after aggressive lapping

Figure 14. Samples mounted on sapphire with black wax on hotplate

Figure 15. Samples after lapping with excess wax removed with TCA
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Figure 16. Sample after etching all Si with image through (left) camera and (right) microscope. Cracks are
visible at this stage though faint

Figure 17. GaN transferred to tape on glass slide. Cracks are more apparent
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5. Conclusion

Gallium nitride has many properties that make it ideal for transistors used in high power and high
frequency applications. When grown on Si (111), it is possible to grow high quality GaN epitaxial layers.
Through substrate removal processes, we can obtain GaN thin-film devices that are suitable for flexible
electronics. The properties of these GaN layers were explored in-depth before the substrate removal
process with the goal of comparing the properties before and after removal. Using a mechanical lapping
and wet-etching based approach as a cheaper alternative to reactive ion etching, we are able to create
flexible GaN thin-films. However, in many cases, possibly due to over-etching or uneven strain from
anisotropic etching of Si, these films are often cracked. Moreover, when the samples do not crack, the
removal process is often difficult and results in lost samples. Further investigation is needed to prevent
these cracks and a more reliable process for un-mounting the samples after etching needs to be

developed.

21



Appendix A: Processes and Results

This appendix compiles the various processes attempted and their results during this senior thesis
project. Each method is listed with a step-by-step process, illustration, and discussion of results. When

images of the actual process are available, they are shown as well as discussed further.

Method 1: Black wax only with HNA etch
Process: Shown in Figure 18

Heat up black wax on sapphire wafer at 120° C until liquid.
Place the GaN side of a GaN on Si sample into the wax.

Etch in HF/Nitric/Acetic (HNA) acid to remove all Si.
Permanently attach the back of the GaN to a new substrate.
Heat at 120 °C to release the wax.

Sapphire Wafer

vk wNE

Bonding
Wax

HNA Si Etchant

Sapphire Wafer

Heat
R

Bonding/

I

Flexible Tape

Figure 18. Black wax only process



Results:

Using this method, the Si could be successfully removed and the contacts remained intact as shown in
Figure 19. However, it was very difficult to remove the sample from the sapphire after the etching was
done. Every time, it was necessary to slide the fragile GaN layers off the edge (slip release technique),

which tended to crack the GaN. Since the silicon removal worked but the release kept breaking the

samples, a new method for mounting the GaN was needed.

Figure 19. Initial results for only black wax

Method 2: Sample holder with no mounting
Process:

1. Use a sample holder made of Teflon; place the sample in the HNA acid etchant.
2. After etching, remove the sample.

Results:

Using this method was nearly impossible without a more professionally made sample holder. The
sample holder made here was essentially a Teflon basket with a handle. When it was made as a shallow
basket (small walls), the sample would get lost and float away during the etching. Since the extremely
delicate sample was floating somewhere in a dangerous acid mixture, it was impossible to find and

retrieve it, so it was considered lost. A second attempt with deeper walls in the sample holder could
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keep the GaN in place, but due to the delicacy of the thin film, the sample cracked immediately upon the
attempted retrieval. This method proved too uncontrollable and was set aside in favor of other

processes.

Method 3: Black wax with double-sided tape
Process: Shown in Figure 20

1. Place double-sided tape on sapphire wafer without removing the plastic film from one side.
Cover the tape (and the protective plastic film) with black wax by heating, and make sure all
parts of the tape are covered.

3. Place the GaN side of the sample into the hot wax and allow it to cool.

4. Etch silicon in HNA etchant.

5. Using TCE, remove the excess wax. Wax will remain between the sample and tape where the
TCE cannot reach.

6. Lift off the protective plastic film with the GaN and permanently mount the GaN side to a new
substrate.

7. Using heat, melt the wax and remove the plastic (which should stick less to the wax than the
sapphire wafer).

8. Clean off any residual wax with TCE.

Results:

Slight variations on this method (Figure 20) were tested many times with various levels of success.
Initially, wax was melted at only 120 °C, which left it fairly thick. When done this way, the samples
tended to crack (it is possible there were cracks already existing in the sample). Mechanical lapping was
also used to remove about half the silicon prior to etching to reduce etch times and hopefully make less
stress on the sample and the silicon varies in thickness. Unfortunately, the samples were again cracked
before etching. While initial tests were performed with sample 1205 (thick silicon and GaN layers), we
later used 1614 (thinner silicon and GaN layers) which tended to be more crack-free. Using these
samples and the wax and double-stick tape process the substrate could be completely removed without

cracking as shown in Figure 21. Unfortunately, whenever the GaN was un-cracked, during the TCE wash,
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the samples would fall off the sapphire carrier wafer. Looking at Figure 21, it appears that there is no

wax between the sample and tape, which is likely why it falls off during washing.

Wax Sided Tape

Heat
& s s Top of Double
- Sided Tape

. ¥ Bonding
Bondlng Double Sided Wax — Double Sided
Wax Tape
Sapphire Wafer Glass Slide
HNA Si Etchant TCE
Bonding Double Sided Double Sided

Wax _~ Tape

Sapphire Wafer Glass Slide

TCE

Double Sided
Tape

Double Sided

Bonding
ax /Tape

Glass Slide

Sapphire Wafer

Figure 20. Black wax with double-sided tape process

Figure 21. Un-cracked GaN after etching
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Alternatively, the samples would occasionally crack as shown in Figure 22. When this happened, the
samples did not fall off and nearly complete transfer of the thin film was possible. As can be seen in both
images, there is some residual wax (black/brown portions) remaining on the top of the samples. Unlike
in the un-cracked samples where no wax is visible, this is likely why the cracked samples did not fall off.
While it seems possible that the wax beneath the samples is causing them to crack, it is still currently

unknown whether this is the case.

Figure 22. Cracked GaN samples after transfer (black dot in the center of the left image is remaining
silicon)

Further variations of this technique had to do with wax application. In some cases, a thin layer of wax
was rubbed on at a low temperature to get a more uniform layer, in others wax was heated to 160°C to
give it a very low viscosity. In all attempts, either the sample was cracked or if it remained intact, it fell

off and was lost during the TCE rinse.

Method 4: Thermal release tape
Process: Shown in Figure 23

1. Using double-sided thermal release tape, mount the sample on a sapphire wafer.
2. Remove the silicon with HNA etchant.
3. Permanently mount the back of the GaN film on a new substrate.
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4. Release the tape with heat to un-mount the sample from the sapphire.

Thermal
Release Tape

Sapphire Wafer

HNA Etchant

Thermal
Release Tape

Sapphire Wafer

Flexible Tape

TN T

Thermal

. ReleaseTape
Sapphire Wafer

R

Heat

R -~ e

Flexible Tape

Figure 23. Thermal release tape process

Results:

Revalpha double-sided thermal release tape was used for this (Figure 23) and subsequent processes. It
has an adhesion of 3.7 N/20 mm and a release temperature of 150 °C. Using this process, the sample
always fell off during the etching process and was never found. The acid seemed to react with the
thermal release adhesive and release the sample. A new process was needed to protect the surface of

the tape during etching

Method 5: Thermal release tape with black wax
Process: Shown in Figure 24

1. Place the regular adhesive side of thermal release tape on a sapphire wafer.
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2. Melt the wax at the lowest possible temperature (~115 °C) to not cause the tape to release.
3. Press the sample into the wax.
4. Remove the silicon with HNA etchant.
5. Use TCE to remove the excess wax.
6. Permanently mount the back of the GaN film on a new substrate.
7. Thermally release tape to unmount the sample from the sapphire.
Bonding Thermal
Wax ™ Release Tape
Sapphire Wafer
iEE
Bonding
Wax %
Sapphire Wafer
Flexible Tape
Wax T~
Thermal
" Release Tape
Sapphire Wafer
AR
IGE
Flexible Tape
Figure 24. Thermal release tape with black wax process
Results:

Using this process (Figure 24) was tricky due to the mismatch between the melting temperature of the
wax and the release temperature of the tape. Various amounts of wax was tried. Initially, a small
amount of wax just beneath the sample was used to hopefully protect the adhesive that was

immediately below the sample. This unfortunately fell off during etching. Next, more wax covering all
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the tape was tried, but once again the sample fell off from the wax during etching (likely because the

wax was never hot enough to adhere to the sample.

Method 6: Crystalbond

Process:

This process is very similar to Method 1 where Cystalbond is used instead of black wax in the hope that
the release will be easier

Heat the sapphire wafer and apply a small amount of Crystalbond to the polished surface.
Mount the GaN side of the sample in the Crystalbond.

Remove the silicon with HNA etchant.

Use acetone to remove the excess Crystalbond.

Permanently mount the sample to a new substrate.

ok wnN R

Use heat to release the remaining Crystalbond.

Results:
With this method, we hoped that the Crystalbond could hold up to the acid and then provide an easier
release afterwards. Unfortunately, during the etching, all the Crystalbond dissolved and the sample was

lost.

Method 7: Thermal release tape with photoresist
Process:

Place the regular adhesive side of the thermal release tape on a sapphire wafer.

Place several drops of photoresist on the thermal release tape.

Tilt and rotate the sapphire wafer to allow the photoresist to cover all parts of the tape and let
excess photoresist drip off the side.

Place sample GaN-side-down into the photoresist and bake at 100 °C to solidify.

Remove the silicon with HNA etchant.

Use acetone to remove excess photoresist.

Permanently mount the GaN to a new substrate.

Heat the tape to release the adhesive from the photoresist and GaN.

© 0N U

Use more acetone to remove the remaining photoresist from the sample.
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Results:

This process was used because we thought the lower baking temperature and more liquid application of
the photoresist would allow better adhesion of the sample. However, during the etching process, the
sample fell off the photoresist. Upon inspection, no photoresist remained where the sample used to be

on the tape, so either there was none between the sample and tape, or it was etched away.

Method 8: Thermal release tape with photoresist and heat treatment

Process:
Place the regular adhesive side of thermal release tape on a sapphire wafer.
Place several drops of photoresist on the thermal release tape.
Tilt and rotate the sapphire wafer to allow the photoresist to cover all parts of the tape and
let excess photoresist drip off the side.
4. Place the sample GaN-side-down into the photoresist and bake at 60 °C until solid.
5. Remove the silicon with HNA etchant.
6. Use acetone to remove excess photoresist.
7. Permanently mount the GaN to a new substrate.
8. Heat the tape to release the adhesive from the photoresist and GaN.
9. Use more acetone to remove the remaining photoresist from the sample.
Results:

After consulting the producers of the thermal release tape, we learned that it is possible to increase the
adhesion of the tape through a low temperature heat treatment as shown in Figure 25. With this
method, the adhesion for the tape used in the plot increases from 7 N/20 mm to 20 N/20 mm. We
hoped that through heat treatment, we could make the sample not fall off, but this was not the case
and it was once again lost. However, while writing this report, it was discovered that there are notes

added to the pdf that are only viewable with the adobe pdf viewer which properly describes the heat
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treatment process. When we performed the heat treatment, it was only heated to 60 °C for about 5

minutes until the PR was mostly solid. It was then immediately transferred to the acid solution. Reading
the notes, however, it is necessary to heat the tape for at least 10 minutes (which would have the added
benefit of further solidifying the photoresists, and then it needs to rest at room temperature for at least

30 minutes before continuing. This process will be attempted within the next week.
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Figure 25. Thermal release tape heat treatment for improved adhesion (obtained through private
correspondence with NittoDenka Corporation)

Method 9: Thermal release tape with photoresist, HMDS, and heat treatment 1
Process:

Place the regular adhesive side of the thermal release tape on a sapphire wafer.
Place several drops of photoresist on the thermal release tape.
Tilt and rotate the sapphire wafer to allow the photoresist to cover all parts of the tape and let
excess photoresist drip off the side.
4. Spin HMDS adhesion promoter and photoresist onto the GaN sample and bake at 100 °C until
solid.
5. Place the sample GaN-side-down into the photoresist on the thermal release tape and bake at
60 °C until solid.
Remove the silicon with HNA etchant.
Use acetone to remove excess photoresist.
Permanently mount the GaN to a new substrate.

L N

Heat the tape to release the adhesive from the photoresist and GaN.
10. Use more acetone to remove the remaining photoresist from the sample.
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Results:
Since the photoresist on the edges of the tape seemed to be sticking during the etching process, we
though the GaN may be falling off the photoresist and not the tape. Thus, we used HMDS to improve the

adhesion of the PR to the GaN. Once again, the sample fell off the tape during etching and was lost.

Method 10: Thermal release tape with photoresist, HMDS, and heat treatment #2

Process:

1. Clean the sample in an ultrasonic cleaner with acetone for 5 minutes followed by an IPA and DI
water rinse.

Spin HMDS and PR onto the GaN side of the sample. Bake at 60 seconds at 100 °C.

Put the thermal release tape on a sapphire wafer and coat the tape with PR. Spin the wafer
briefly to evenly distribute the PR.

Place the GaN sample on the sapphire wafer and bake at 60 °C for 10 minutes until solid.

Let the sample rest and cool at room temperature for 1 hour.

Place the sample in acid and remove the silicon with HNA etchant.

Use acetone to remove the excess PR.

Permanently mount the GaN sample to a new substrate.

L N U

Heat the tape to release the adhesive from the photoresist and GaN.
10. Use more acetone to remove the remaining photoresist from the sample.

Results:

This process differs from Method 10 in that the PR layer on the sapphire/tape is briefly spun to evenly
distribute it and create a thinner layer. The hope was that the thinner layer would allow it to better
solidify at a low temperature to make it more resistant to acid. However, during the etching process, the
photoresist was unable to protect the tape from the acid. The acid then ruined the tape’s adhesion and

the sample fell off the tape.
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Method 11: Thermal release tape with photoresist, HMDS, and heat treatment #3
Process:

1. Clean the sample with an ultrasonic cleaner and acetone.

Spin HMDS and PR onto the GaN sample, but do not bake it.

Place the thermal release tape on a sapphire wafer and coat the tape with PR. Spin the wafer
briefly to distribute.

Place the sample on the tape GaN-side-down and bake at 60 °C for 45 minutes.

Let the sample rest and cool at room temperature 4 days.

Place the sample in acid and remove the silicon with HNA etchant.

Use acetone to remove the excess PR.

Permanently mount the GaN sample to a new substrate.

Lo NOU R

Heat the tape to release the adhesive from the photoresist and GaN.
10. Use more acetone to remove the remaining photoresist from the sample.

Results:

This process adjusts the baking/rest times used in Method 11 and does not bake the HMDS/PR on the
GaN sample before mounting on the tape. By not baking the GaN, we were hoping to form a more
cohesive bond between the GaN and protective photoresist. The PR was also baked significantly longer
so that it was guaranteed to solidify, which should strengthen its acid resistance. To make sure the tape
reaches maximum adhesion, it was left for a weekend to cool and rest for four days. Once again, the

sample fell off during etching and was not received.

Method 12: High temperature wax mounting
Process:

Heat wax on the UNPOLISHED side of a sapphire wafer at 190 °C until the wax runs freely.
Place the GaN sample in the wax and gently push down.

Use TCA to remove the excess wax from edges.

Place the sample in acid to etch the silicon.

Remove the sample from the acid and rinse thoroughly.

Prepare glass slide with a small piece of double-stick tape.

NouhswNe

Press the tape onto the sample.
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8. Heat the sample on a hot plate to 190 °C.
9. Lift off the glass slide to release the sample.
10. Use TCA to clean off the remaining wax.

Results:

In this process, the unpolished side of the sapphire was used to hopefully increase adhesion with the
increased surface area. The wax was also heated to 190 °C to make it run easily and completely coat the
area between the GaN and sapphire. Since in previous methods, the sample would fall off during the
after-etching TCA rinse, the wax was this time removed prior to etching, thus eliminating that step. After
etching, the sample was cracked, but much of it was still there. By heating to 190 °C, the sample was
easily removed. However, during the double-sided tape portion, there was incomplete adhesion (more
pressure was needed) and only part of the sample transferred. The rest of the sample fell off during the

final TCA rinse to remove residual wax.

Method 13: Mechanical lapping and high temperature wax
Process: Shown in Figure 26

Check that sample is uncracked and perform an ultrasonic clean with acetone.
Heat wax on the UNPOLISHED side of a sapphire wafer at 200 °C until very liquid.
Place the GaN sample in the wax and gently push down.

Use TCA to remove excess wax from the edges.

Place the sample in acid to etch the silicon.

Remove the sample from the acid and rinse thoroughly.

Prepare a glass slide with a small piece of double-stick tape.

Press the tape and glass slide onto the sample.

© o NDU A BN

Heat the sample on a hot plate to 200 °C.
10. Lift off the glass slide to release the sample.
11. Use TCA to clean the remaining wax off.
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Results:

For this process, the temperature was increased to 200 °C (arbitrarily for a round number). During
normal processes, the Si etches faster from the sides exposing the GaN on the edges faster than the
center. This may cause over-etching that could be a cause of cracking. To stop this, mechanical lapping
was used to thin the Silicon and reduce the time it takes to completely remove the substrate and
minimize over-etching. This process has provided the best results today because nearly compete

transfer was achieved, but as can be seen in Figure 17, the sample is still severely cracked.
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Appendix B: Characterization and Methods

B.1 Hall Measurements

To perform Hall measurements on the GaN samples, it is necessary to have square samples with
small ohmic contacts in each corner as shown in Figure 27. Because the Si (111) substrate does not have
90° cleave planes (like Si (100)), it is extremely difficult to create Hall samples with a diamond scribe and
cleaving. Instead, we have developed a method for Hall sample preparation using a dicing saw for device

isolation.

To begin the process, a metal contact mask with a grid of 1 mm diameter holes spaced 4 mm
apart is taped to the sample. Using an electron beam evaporator, 200 nm of Ti followed by 200 nm Ni is
deposited on the samples through the openings of the mask. Titanium is used as an adhesion layer and
nickel is used to make ohmic contacts with GaN due to its work function. For devices requiring longer
lifetimes, a gold layer would have been used at the end to prevent oxidation. Figure 28 shows the mask
and completed contact deposition. Following metallization, the contacts show a strong rectifying
behavior. To make them ohmic contacts, we anneal them at 750 °C for 45 seconds in a nitrogen
atmosphere. Contact improvement can be seen from the |-V curves in Figure 29 where the an N;

atmosphere significantly reduces resistance and improves contact linearity.

After contact deposition, it is necessary to isolate the samples. To achieve this, a thick
photoresist layer is coated over the entire sample and soft-baked to protect the surface during dicing. A
dicing saw is then used to cut each circular contact in half. To keep the samples together during dicing
and cleaning, only about 75% of the material is cut through. After complete dicing, the pieces are
cleaned to remove the photoresist and then they are separated by gently breaking the remaining silicon.
Figure 30 shows the resulting samples used to measure mobility and electron concentration with the
MNTL Hall measurement system.
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Figure 27. Square Hall sample example; gold triangles in the corners represent ohmic contacts

Figure 28. (left) Contact mask after metallization and (right) GaN with deposited contacts
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Figure 29. Contact comparison under various annealing conditions
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Figure 30. Hall effect samples after dicing

B.2 AFM Defect Counting

While processes like XRD can provide reasonable estimates to defect densities, to accurately
measure defectivity of GaN samples requires physically counting the defects over large area scans. To
achieve this, we used an atomic force microscope (AFM) to map the surface of the wafer. With a sharp
probe tip, the threading dislocations appear as small pits in the sample surface as seen by the black dots
in the left image of Figure 31 (may need to be viewed online to see). Since each 5x5 um scan can
contains over 500 defects, counting by hand quickly becomes very tedious. To automate the process, we

created a program using Python that will detect and count all defects in the image.

To implement the defect detection, each image is converted to greyscale and a light Gaussian
filter is applied to remove some image noise. Each pixel is then scanned and the surrounding pixels are
examined; if the current pixel is darker (meaning it represents a pit on the wafer) than a pre-determined
threshold (found by taking a regional average of the pixel values), its location is marked in a separate
image file by placing a blue dot so that it can be overlaid and accuracy can be measured. Using the
Python library Mahotas and Scipy, the number of dots on the newly created image are counted and

exported into an excel file. With this program, many images can quickly and accurately be analyzed.
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Figure 31. (left) AFM scan of surface with (right) defects marked in software
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