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Abstract

®
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A sufficiently low transmission loss in radio frequency (RF) is one of the critical requirements
for GaN-on-Si RF devices to achieve high performance. We have systematically studied the

mechanism and effect of the AIN nucleation layer on the RF loss of the GaN-on-Si device buffer
stack. Our results show that the RF loss is strongly influenced by the growth parameters of the
AIN nucleation layer during epitaxial process. It is observed that the AIN nucleation layer grown
at a low thermal budget with a low density of deep surface pits can efficiently reduce the AIN/Si
interface loss by suppressing the conductive channel at AIN/Si interface which is governed

largely by the thermal diffusion of Al and Ga into the Si substrate. By optimizing the growth

process of the AIN nucleation layer, the RF loss of the GaN-on-Si device buffer can be

dramatically reduced by up to ~40%.

Keywords: AIN nucleation layer, coplanar waveguides, GaN on Si, high frequency, RF loss,

metalorganic chemical vapor deposition

(Some figures may appear in colour only in the online journal)

1. Introduction

GaN-based devices are attractive for high power and high
frequency applications due to the high breakdown and high
mobility characteristics of the GaN material [1, 2]. At present,
SiC is commonly chosen as the substrate material for epitaxial
growth of GaN devices for high frequency applications due to
its low lattice mismatch towards GaN, high electric resistivity
and high thermal conductivity [3]. However, GaN-on-Si RF
devices are even more appealing due to the much lower cost
and larger size of Si substrate compared to SiC substrate.
Having a good control during the epitaxial growth to
obtain a low RF loss for GaN-on-Si devices is one of the
challenges to achieve the desired RF performance. It is known
that the total RF loss consists of 4 major elements: conductor
loss, interface loss, dielectric loss and substrate loss [4]. For
GaN-on-Si RF devices, the reduction of substrate loss is

0268-1242/20,/035029+10$33.00

commonly achieved by using high resistive (HR) Si substrates
[4, 5]. However, there have been very few dedicated studies
regarding the sensitivity of RF loss performance of the GaN-
on-Si structures on the Si substrate resistivity [6]. The choice
of the optimum Si substrate resistivity is not straightforward
either. It has to be made by taking into account of specific
epitaxial and following device fabrication process; substrate
cost (the higher the substrate resistivity usually the higher the
substrate cost) and mechanical strength of the epi-wafers, etc.

Typical GaN-on-Si epitaxial process usually requires
growing an AIN nucleation layer directly on Si substrate in
order to prevent the melt-back etching [7]. This AIN
nucleation layer is extremely critical because it largely
determines the quality of the following epi layers grown on
the top. The physical, chemical and electric nature of the
AIN/Si interface are very complicated which may vary sig-
nificantly depending on the specific epitaxial growth process.

© 2020 IOP Publishing Ltd  Printed in the UK
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As a result, the interface loss at the AIN/Si interface in the
case of GaN-on-Si RF devices is much less well understood
and is very difficult to control. When other RF loss
mechanisms are sufficiently suppressed, a high interface loss
may become the dominating factor to the total RF loss and
consequently becomes the bottleneck of the RF performance
of the device [3, 8]. The free carriers generated at the AIN/Si
interface increase the interface conductivity and consequently
increase the interface loss [9]. It is widely believed that the
interface loss due to a high interface conductivity is induced
by the Al and Ga diffusion into the Si substrate during the
epitaxial growth, which forms a p-type parasitic conducting
layer. Although there has been a report demonstrating the
benefit of combining metalorganic chemical vapor deposition
(MOCVD) process with low thermal budget on the AIN-on-Si
template prepared by using Molecular Beam Epitaxy (MBE),
the exact mechanism for the reduction of the RF loss is not
fully understood [10]. On the other hand, a n-type inversion
layer at the AIN/p-Si interface which is induced by the
polarization field of the AIN layer has also been reported in
recent years [6]. This inversion layer might not only enhance
the leakage of the GaN buffer but also result in a high
interface loss at equilibrium state [6, 11, 12]. Furthermore, the
inversion layer at the AIN/Si interface induced by the applied
bias may also affect the RF loss [13, 14]. Therefore, it is
important to understand the electric characteristics at the
AIN/Si interface under different bias conditions.

Despite that there were reports studying the effect of
AIN/Si interface on the RF loss in recent years as previously
mentioned, there have been lack of consistency in conclusions
in literature due to the different characterization and growth
techniques used. In order to have a deeper understanding on
the RF loss mechanism in GaN-on-Si structure despite of
diverse reports in literature, we have systematically investi-
gated the RF loss mechanism for GaN-on-Si epi stacks by
studying the key building blocks of the structure, including
the Si substrate, AIN/Si template and the complete GaN-on-
Si device buffer stack, with the main focus on the AIN
nucleation layer.

2. Experimental

In the present study, all the samples were grown using a
Veeco Turbodisc Maxbright MOCVD system with tri-
methylgallium (TMGa), trimethylaluminum (TMAI), and
ammonia (NH3) as precursors and N, as carrier gas. All
samples were grown on 8 inch Si (111) substrates except
those specified in table 1.

For the substrate loss study, an AIN nucleation layer with
nominal thickness of 200 nm was grown at 1050 °C on p-type
Si (111) substrates with different resistivity. The resistivity
and diameter of the p-Si substrates are summarized in table 1.

In order to investigate the correlation between the ther-
mal budget of epitaxial growth process and the RF loss, single
AIN nucleation layers of different layer thicknesses, THan;,
were grown at different growth temperatures, GT s, on Si
substrate with resistivity of 3k—6k 2cm. The variation of

Table 1. Summary of XRC FWHM of the AIN nucleation layer
grown on different Si substrates, and the RF loss at 10 GHz obtained
from different Si substrates with and without AIN nucleation layer.

Loss at 10 GHz (dB mm™ ")

Si substrate AIN (002)

Resistivity XRC FWHM AIN/Si Bare Si
(Q cm) (arcsec) template substrate
1-3 (8 inch) 1580 7.6

2-10 (6 inch) 1540 5.2

1-150 (6 inch) 1550 2.4 4.6
0.5k—2k (8 inch) 1560 0.21 0.15
3k-6k (8 inch) 1520 0.24 0.14
3k-20k (6 inch) 1545 0.25

THan was realized by changing the growth time, while all
other growth parameters were kept constant expect the
GTain. Samples with a nominal THan of 200 nm grown at
temperature of 930 °C, 970°C, 1010°C and 1050 °C are
labeled as Samples A, B, C and D, respectively. Samples with
a nominal THyy of 175 and 250 nm grown at 1010 °C are
labeled as Samples E and F, respectively. Figure 1(a) shows
the schematic structure of Samples A—F. A rather constant
growth rate of ~2.63nmmin~' was obtained for the AIN
nucleation layer within the entire growth temperature range
studied. Finally, device buffer stacks with a total thickness of
2.5 pm were grown. Figure 1(b) shows the schematic struc-
ture of Samples A;—F;, which are the device buffer stacks
with the AIN nucleation layer grown under the growth con-
ditions corresponding to that for Samples A-F, respectively.
This is to study the influence of AIN nucleation layer growth
parameters on the RF loss of the device buffer stacks. Along
the growth direction, the device buffer stack includes: an AIN
nucleation layer, an AlGaN transition layer, an AIN/AlGaN
superlattice, a C doped GaN layer and an unintentionally
doped (uid)-GaN channel layer. Among the different samples,
the growth process of the buffer stack was identical except
that of the AIN nucleation layer.

Surface morphologies of all samples were examined by
atomic force microscopy (AFM) with a Bruker Dimension
ICON-PT system. All the AFM images are with a scan size of
5x5 ,umz. X-ray rocking curves (XRC) around AIN (002),
GaN (002) and GaN (102) diffraction peaks were recorded by
using a Bruker QC3 diffractometer system (CuKal radia-
tion). 9 locations were measured on each sample and the
average value was reported. Etched samples were all pro-
cessed by inductively coupled plasma (ICP) etching technique
using an Oxford Plasmalab100 system. Chemical profiling of
elements of interest was performed by time-of-flight sec-
ondary ion mass spectrometry (ToF-SIMS) with a ToF-
SIMS /scanning probe microscopy (SPM) instrument (ION-
TOF GmbH, Germany). ToF-SIMS specimens were prepared
by thinning the AIN layer down to ~40nm by ICP dry
etching. The surface root mean square (RMS) roughness of
the starting surface of etched samples and the surface RMS
roughness near the AIN/Si interface during ToF-SIMS mea-
surement SPM were measured as ~1 nm (in 5 x 5 gm? scan
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Figure 1. Schematic of different structures studied in this work. (a) Single AIN nucleation layer grown on Si substrate with different growth
parameters for Samples A-F. (b) Device buffer stack for Samples A;—F;. (c) CPW structure.

area) by in situ AFM which is sufficiently low such that no
influence was expected to the ToF-SIMS results. For the ToF-
SIMS measurements (dual beam experiments using Bi;
15kV and OF 500eV), the influence of the push-in effect
near the interface has to be considered. However, the density
of the AIN near the AIN/Si interface was not expected to be
dramatically different, consequently the amount of Al which
was pushed into Si substrate by the push-in effect should be
similar in all samples. The Al intensity was quantified in the
Si substrate using Al in Si reference sample with known Al
concentration. However, the Si in the AIN is not quantified
due to the lack of proper reference samples.

Coplanar waveguide (CPW) structures as depicted in
figure 1(c) were fabricated on all the samples for RF loss
measurement. The signal line and ground plane consist of a
bi-metal layer of 10 nm Ti/500 nm Au. The width of ground
plane, W,, is 400 pum. The width of the signal line, W, is 75
pm. The spacing, S, and length of the transmission line, L, are
50 pm and 2 mm, respectively. The RF loss were measured at
room temperature by using an AGT E8363B Network Ana-
lyzer with the substrate grounded. The measured S-parameters
were transferred to the RF loss (equivalent to attenuation
constant) by using the formulation in [15]. The presented RF
loss values at 10 GHz are averaged from measurements of 4
random CPW devices on one sample except for the bias-
dependent RF loss measurements where 1 device was mea-
sured to avoid unaffordable long measurement time.

3. Results and discussion

3.1. The effect of Si substrate resistivity

Table 1 summarizes the full width at half maximum (FWHM)
of XRCs around the AIN (002) diffraction peak and the RF
loss of AIN/Si templates prepared on various p-Si substrates.
All AIN layers showed similar FWHM values around
1500 arcsec, indicating an essentially identical crystalline
quality among all the samples. However, figure 2 shows that
the RF loss of AIN/Si templates monotonically reduces as the
Si substrate resistivity increases from 1-3 Q cm to 0.5k—2k
Qcm, and then stays rather constant as the Si substrate
resistivity further increases. This suggests that the substrate
loss very likely dominates the total RF loss for the Si resis-
tivity below 0.5k—2k 2 cm. As the Si substrate resistivity is

10 T T T T T T
= AIN/Si tempfate |
n * Bare Si substrate|
€
E 57 - . i
o
=
w
[72] | |
o
—
ok v ] L
1-3 2-10 1-150 0.5k-2k 3k-6k 3k-20k

Resistivity ( Q-cm)

Figure 2. The RF loss at 10 GHz from AIN/Si templates and bare Si
substrates with various Si substrate resistivity.

higher than 0.5k-2k €2 cm, the contribution of the substrate
loss to the total RF loss becomes significantly small so that
the total RF loss is no longer sensitive towards the change of
Si substrate resistivity. In order to further verify and under-
stand the observation above, the RF loss measurement was
also carried out on 3 bare Si substrates with resistivities
around 0.5k-2k €2 cm. As shown in figure 2, the trend of RF
loss of the bare Si substrate is similar to that of the AIN/Si
template when the Si substrate resistivity increases and cross
0.5k-2k Q2 cm range. This leads to the conclusion that the
substrate loss component becomes clearly insignificant when
the Si substrate resistivity is within or above the range of
0.5k—2k Q cm.

It is a common method to reduce the substrate loss by
introducing a dielectric layer between the substrate and the
coplanar lines to reduce the propagation of the electric field
into the substrate [16—18]. This explains the observation that
the RF loss of AIN/Si template is lower than the RF loss of
bare Si at Si substrate resistivity of 1-150 2 cm. However, in
the case where the Si substrate resistivity is >0.5k-2k 2 cm,
the RF loss of the AIN/Si template is slightly higher than that
of the counterpart bare Si substrate as shown in table 1 and
figure 2. This additional RF loss can be explained by the other
components of RF loss. The conductor loss should be
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Figure 3. AFM images (5 x 5 pm? scan area) of Samples A—F, respectively.

identical for every sample due to the same metallization
process of the transmission line. However, the contribution of
interface loss and dielectric loss components introduced by
the epitaxial process and the AIN nucleation layer may be
higher than the reduction of the substrate loss after growing
an AIN nucleation layer on the Si substrate. As a result, the
RF loss of the AIN/Si template is likely dominated by
interface loss and dielectric loss at Si substrate resistivity of
>0.5k—2k €2 cm. Therefore, it is very important to be able to
control and minimize not only the dielectric loss from the AIN
nucleation layer but also the interface loss at AIN/Si
interface.

3.2. AIN/Si template

The growth parameters and the physical characterization
results of Samples A—F are summarized in table 2. The AFM
images of all samples are shown in figure 3. For Samples A—
D, the TH Ay Was kept constant at 200 nm and only the GTzin
increases from 930 °C to 1050 °C. One can see from these 4
samples that the AIN (002) XRC FWHM first decreases and
then increase as the GT,jn increases, with the lower values
(namely a better crystalline quality) obtained in 970 °C—
1010 °C range. A somewhat similar trend also appears in the
surface RMS roughness and the deep pit density. However,
the initial decrease in value is much more significant once the
GTan increases to 970 °C-1010°C range. Table 2 also
shows that the surface peak-to-valley (PV) value decreases
monotonically as increasing the GT 5. The worst crystalline
and morphological quality of the AIN nucleation layer grown
at 930 °C can be easily understood because this temperature is
clearly too low. The low atom mobility at this low

temperature hinders coalescence of the grains concomitant
with a higher density of defects [19-21]. On the other hand,
the serious Si out-diffusion in AIN nucleation layer and the
nanoparticles generated via parasitic gas phase reaction
between TMAI and NHj3 at the unfavorably high GTay of
1050 °C explains the deteriorated crystalline quality [20, 22].
Considering all the characterization results, 1010 °C is iden-
tified as the optimum GTay for a 200 nm AIN nucleation
layer in the current study.

The effect of the THon was studied via Samples C, E
and F where the GT 5N was fixed at 1010 °C. The AIN (002)
XRC FWHM of those samples clearly decreased with
increasing THan. The threading dislocation recombination
and annihilation can be enhanced with increasing the layer
thickness, resulting in the reduction of the total number of
threading dislocations [23]. However, surface RMS rough-
ness and deep pit density are insensitive on the layer thickness
of AIN layer in 175-250 nm range because the growth mode
of the AIN nucleation layer is already stabilized [24].

The RF loss values at 10 GHz for Samples A-D are
shown in figure 4(a). There is a general trend that the RF loss
increases with increasing the GT 4y from 930 °C to 1050 °C.
However, this trend does not show any correlation with either
the crystalline or morphological quality of these 4 samples as
summarized in table 2. This increase of RF loss may be
attributed to the change in interface loss at AIN/Si interface
and the dielectric loss from the AIN nucleation layer,
respectively. It is known that the dielectric loss of the insu-
lator is always very low due to its extremely high resistivity
[4, 25, 26]. Although the resistivity of the insulator cannot be
obtained by using common measurement techniques, an
extremely high resistivity of ~10'® Q cm was extracted for
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Table 2. Growth parameters and physical characterization results of Samples A-F.

Sample A Sample B Sample C Sample D Sample E  Sample F
AIN layer growth temperature, GT oy (°C) 930 970 1010 1050 1010 1010
AIN layer thickness, THan (nm) 200 200 200 200 175 250
AIN (002) XRC FWHM (arcsec) 1570 1340 1345 1520 1435 1200
AFM surface RMS (nm) 0.88 0.25 0.23 0.27 0.25 0.23
AFM PV (nm) 24 13 8 6 8 7
Deep pit density (pit depth >3 nm) (#/cm? 9 x 100 1.5x 100 3 x 10  45x10 55x10 2 x 10

AIN by Francis et al [27]. This suggests that the dielectric loss
component must be very low and cannot be the main con-
tributor to the change of the RF loss in all samples. As a
result, the increase of RF loss in figure 4(a) is mostly attrib-
uted to the interface loss which is at least associated with a
temperature-driven process. Therefore, the thermal diffusion
of Al into Si substrate during the growth could be one of the
candidates according to [3].

The RF loss values for Samples C, E and F with THa
from 175 to 250nm grown at 1010°C are shown in
figure 4(b). The RF loss increases with increasing the THan
and this trend is not in correlation with either the crystalline or
morphological quality of these 3 samples as summarized in
table 2. In order to fully understand the effect of THn on RF
loss, the contributions of both the thickness effect and the
thermal effect have to be taken into account because of the
following considerations. Increasing the THn may decrease
the substrate loss because the capacitance of AIN, Ca,
which reduces as the thickness increases (C o< 1/thickness)
can consequently reduce the propagation of the electric field
into the substrate [6, 18]. Besides, it is reported in [12] by
Luong et al that the n-type inversion layer at the AIN/p-Si
interface may increase with increasing THan due to the
increase of the polarization field at AIN/p-Si interface. This
consequently results in a higher interface loss [6]. In the
present study, a larger TH4y also led to a higher total thermal
budget in the epitaxial growth. The amount of Al diffusion
into the Si substrate might hence increase during the epitaxial
growth and consequently increase the interface loss by
enhancing the p-type conductive channel near the AIN/Si
interface.

In order to decouple the thickness effect and thermal
effect on the RF loss as described above, 2 additional samples
were prepared. The 200 nm AIN nucleation layer in Sample C
was etched down to 150 and 100 nm, so that all these 3
samples experienced exactly the same thermal budget during
the epitaxial growth process. The surface RMS roughness of
the etched samples is ~0.35 nm which is sufficiently low for
the RF loss measurement. Figure 4(c) shows that the RF loss
increases as thinning the AIN layer. This observation indi-
cates that the impact of C,jy change is more significant than
the change of the polarization field as varying THan.
Therefore, the trend of the RF loss for the as-grown samples
shown in figure 4(b) is considered mainly attributed to the
associated thermal effect.

To further study in detail the thermal effect on the RF
loss, ToF-SIMS measurements were performed on Samples

A, C and D, which were grown in different GT oy with same
nominal thickness of 200 nm. Figure 5 summarizes the che-
mical profiles of Al and Si near the AIN/Si interface from
these 3 samples. The profiles are aligned at the AIN/Si
interface where the Si intensity is 50% of that of the bulk Si
substrate. As GT 4y increases, the inter-diffusion of Al and Si
are clearly stronger across the AIN/Si interface. Because Al is
a p-type dopant in Si, the region of the Si substrate affected by
the Al in-diffusion very likely forms a p-type conductive
channel underneath the AIN/Si interface. As a natural con-
sequence, the sample with a stronger thermal diffusion of Al
into Si will have a channel with a higher conductivity and
results in a higher interface loss. Besides the Al diffusion into
Si, one can also see that there is a clear diffusion of Si cross
the interface into the AIN layer. Si is a well-known n-type
dopant in III-N materials, while it has been reported that the
Si may undergo a shallow-deep transition to become a deep
donor in Al,Ga;_,N when x > 40 at% [28, 29]. This suggests
that Si dopants are very likely not electrically active in the
AIN nucleation layer and have no influence to the observed
interface loss. By taking the RF loss plot in figure 4(a) and the
diffusion profiles in figure 5 into account, we conclude that a
weaker thermal diffusion of Al into Si substrate at a lower
GT N reduced the interface loss by mitigating the conductive
p-type channel underneath the AIN/Si interface. Therefore,
the thermal diffusion of Al into Si substrate is identified as the
main contributor to the interface loss at the AIN/Si interface.

Moreover, it has been reported by Chandrasekar et al that
the S—O-N complexes can act as thermal acceptors and
possibly form at the top surface of the Si near the AIN/p-Si
interface during the high temperature growth [30]. The den-
sity of such S—O-N complexes may increase with increasing
the growth thermal budget of the AIN nucleation layer [30].
However, in Samples A, C and D, we observed a nearly
identical diffusion profiles of O and N into the Si substrate
from ToF-SIMS measurement (not shown). This largely rules
out an appreciable effect of the possible S-O-N complexes in
our work.

Capacitance—voltage (CV) measurement has been widely
used to investigate the electric characteristics of the AIN/Si
interface. Accumulation, depletion and inversion conditions
can be observed when the bias applied on AIN/p-Si template
changes from negative voltage to positive voltage [13, 31].
However, the HR Si substrate makes CV measurements very
difficult due to the additional contribution from the substrate
capacitance. As an alternative, bias can be applied on the
signal line during the RF loss measurements in order to study
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Figure 6. Bias-dependent loss of Samples A, C and D at 10 GHz.

the electric nature of the Si substrate near the AIN/Si inter-
face [4, 32].

Such bias-dependent RF loss measurements were carried
out on Samples A, C and D and results are summarized in
figure 6. There are several observations can be made from
figure 6. One can see in figure 6 that the RF loss of AIN/Si
template decreases overall with decreasing GT 5y in the full
range of applied bias. This is due to the lower conductivity at
AIN/Si interface associated with the lower concentration of
the diffused Al into the Si substrate (figure 5).

In addition, the bias-dependent RF loss curves of all
samples in general exhibit a ‘U’ shape in the applied bias
range from —20 to 20 V. The similar U-shape bias-dependent
RF loss curve has also been reported on metal-oxide semi-
conductor (MOS) varactors in [4]. The RF loss is higher at
both accumulation and inversion conditions due to the
increase of interface loss by the bias-induced carrier con-
centration enhancement near the interface. The interface loss
reaches the minimum under the depletion condition where the
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Table 3. Summary of growth parameters and physical characterization results of Samples A;—F;.

Sample A|  Sample B,  Sample C, Sample D, Sample E  Sample F
AIN nucleation layer growth temperature, GT o;n (°C) 930 970 1010 1050 1010 1010
AIN nucleation layer thickness, THan (nm) 200 200 200 200 175 250
GaN(002) XRC FWHM (arcsec) 680 690 685 700 720 675
GaN(102) XRC FWHM (arcsec) 1445 1470 1320 1360 1465 1305
AFM RMS (nm) 0.4 0.35 0.60 0.55 0.5 0.5
AFM PV (nm) 6.5 5 5 6 5.5 4

free carriers are pushed away far from the interface. Fol-
lowing the same analysis, the regions corresponding to
accumulation, depletion and inversion conditions can be
identified and are indicated in figure 6. Although the interval
of the applied bias is relatively large to identify more pre-
cisely the depletion condition, it is still sufficient for inves-
tigating the behavior of carriers at AIN/Si interface.

The depletion region (around turning point of the curves)
for Samples A and C is located approximately in the bias
range from —10 to 0V, but it clearly shifts along the positive
bias direction to the range from O to 10 V for Sample D. For
Samples A and C, the fact that the location of the depletion
region is near the negative bias range suggests a weak n-type
conductivity at equilibrium near the interface. In contrast, the
depletion for Sample D occurs in the positive bias range,
which indicates a switch of the conductive channel to slight
p-type at equilibrium near the interface compared with the
other 2 samples. In figure 5, the Al thermal diffusion into Si
substrate is observed in all samples. However, the Al diffu-
sion for Samples A and C is much weaker compared with
Sample D. Several groups have reported the existence of
polarization-introduced n-type inversion layer in AIN/p-Si
templates [6, 13]. We speculate this n-type inversion layer is
induced in Samples A and C (with lower Al diffusion) by
polarization field at AIN/Si interface. Thus, conductive
channel near the interface consequently exhibits a weak
n-type. However, as the Al thermal diffusion became much
stronger when GT 5y was increased to 1050 °C for Sample D,
the resultant hole concentration surpassed the concentration
of polarization introduced electrons. The interface conductive
channel thus exhibits a weak p-type conductivity.

According to the bias-dependent RF loss and the ToF-
SIMS results, the thermal diffusion of Al into the Si substrate
which can increase the conductivity at AIN/Si interface is
indeed a main contributor to the RF loss for AIN/Si template.
However, it is observed when the p-type background near the
AIN/Si interface, which is determined by the thermal diffu-
sion of Al into Si substrate is low enough, the n-type inver-
sion channel can play an important role in RF loss. Therefore,
it is also important to study the n-type inversion layer induced
by the polarization filed at AIN/Si interface to further
improve the RF loss in AIN/Si template.

3.3. Device buffer stack

At last, Samples A;—F; which contain identical device buffer
stack up to the GaN channel layer (without the active layers)

were grown with the same AIN nucleation layer growth
condition (namely, thickness and growth temperature) as that
for Samples A-F. The growth parameters and the physical
characterization results of Samples A;—F; are summarized in
table 3.

In table 3, one can see that although the FWHM values of
GaN (002) XRC for Samples A;-D;, are all very similar and
are around 700 arcsec, FWHM of GaN (102) XRC decreases
from ~1450 to ~1350arcsec as GT,n increases from
930 °C-970 °C to 1010 °C~1050 °C. The broadening of the
symmetric GaN (002) XRC is associated with the density of
screw type of dislocations and asymmetric GaN (102) XRC
with the density of mixed and pure edge types of dislocations
[33]. A similar density of screw type dislocations can be
expected for the above 4 samples but the density of mixed and
pure edge type of dislocations is obviously lower for Samples
C, and D;. This indicates that a higher GT 4 in 1010 °C—
1050 °C range is beneficial to the crystalline qualify of the
device buffer stack. Despite the clear difference in crystalline
quality, the surface morphology of all the samples looks very
similar without appreciable abnormalities. The AFM image of
Sample D, is shown in figure 7(a) as a typical example. There
is no systematic difference observed among these 4 samples
either in terms of the surface RMS roughness and PV value.
This suggests that the growth process of the device buffer is
properly tuned such that the surface morphology can be
effectively recovered from the initially unfavorable condition
after the AIN nucleation layer as shown in the case of Sam-
ple A.

For Samples C;, E; and F; which grown with THpn
varied from 175 to 250 nm, it is observed that the FWHM of
both GaN (002) and GaN (102) XRCs slightly decreases with
increasing THan. The difference in terms of surface RMS
roughness and PV are negligible among these 3 samples,
which is similar to the case of AIN/Si templates as well (i.e.
Samples C, E and F). This indicates that THa v has a strong
influence on the crystalline quality but not on the surface
morphology.

Figure 7(b) shows the RF loss of device buffer stacks
(namely, Samples A;-D;) and AIN/Si templates (namely,
Samples A-D) as a function of GTan. The RF loss of the
device buffer stacks is overall higher than that of the
corresponding AIN/Si templates and the increase of the RF
loss within the corresponding sample pairs is defined as ‘A
loss’. As shown in figure 7(b), the RF loss values of device
buffer stacks are almost the same when the GT,y is in
930 °C-970 °C range. With further increase of GT 4, the RF
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Figure 7. (a) AFM surface image (5 x 5 ,um2 scan area) of Sample D;. (b) RF loss of device buffer stack and AIN/Si template versus GT o in
(THax is 200 nm). (c) The density of deep pit on AIN nucleation layer surface and the A loss versus GTany (THan is 200 nm).

loss first slightly decreases at GTapy = 1010 °C and then
dramatic increases as GT N reaches 1050 °C. On the other
hand, this trend in RF loss does not show any correlation with
either the crystalline or morphological quality of these 4
samples as summarized in table 3.

Because the only difference between Samples A-D series
and Samples A;-D; series is the structure of epi stack, we
therefore consider 2 possible causes that might contribute to
the A loss in Samples A;-D; series. First, there may be one
or more additional conductive channels introduced within the
device buffer stack leading to a higher dielectric loss. Second,
there could also be extra Al and Ga diffusion into Si substrate
after the growth, enhancing the interface loss at the AIN/Si
interface [3, 8]. Since the identical buffer stack was grown
after the AIN nucleation layer in Samples A;—D; series, the
first factor cannot explain the relative difference in A loss at
different GT 5 n. To investigate the RF loss mechanism, the A
loss and the deep pit density on the AIN/Si template is plotted
as a function of GTayy in figure 7(c). It is found in figure 7(c)
that the evolution in the density of deep pit as listed in table 2
matches fairly well with the trend of A loss as GTan
increases. It has been reported that the threading dislocations
can act as diffusion paths for atoms during both epitaxial
growth and annealing processes at high temperature [34, 35].
We speculate that the deep pits and the associated dislocations
of the AIN nucleation layer facilitate the diffusion of Al and
Ga into the Si substrate during the following epitaxial layer in
the device buffer stack and consequently increase the A loss
by increasing the conductivity at the AIN/Si interface.

The RF loss of device buffer stacks and AIN/Si tem-
plates with various THy grown at 1010 °C are presented in
figure 8. The RF loss of both structures increase as THan
increases from 175 to 250 nm. However, this trend of RF loss
does not show any correlation with either the crystalline or
morphological quality of these 3 samples as summarized in
table 3. Although the thinner AIN nucleation layer in device
buffer stack may lead to a shorter path for the following Al
and Ga diffusion into the Si substrate and potentially increase
the A loss, a nearly constant A loss value can be observed in
figure 8, suggesting a rather low sensitivity of A loss towards
the THun. Therefore, the nearly constant A loss value is
mainly attributed to the similar density of deep pit on the
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Figure 8. RF loss of device buffer stack and AIN/Si template versus
the THa v grown at the same temperature of 1010 °C.

surface of AIN/Si templates as listed in table 2, upon the
same Al and Ga diffusion mechanism through the deep pits as
explained above.

4. Conclusions

The influence of AIN nucleation layer on RF loss of GaN-on-
Si device buffer stacks was systematically investigated in this
work. In our study, we found that the contribution of the
substrate loss to the total RF loss was no longer the dominant
factor when the Si substrate resistivity was within or above
the range of 0.5k-2k 2 cm. In additional, by using various
characterization techniques on both AIN/Si template and
device buffer stack, we found that the interface loss became
the main contributor to the total RF loss in device buffer
stack. This interface loss is mainly attributed to the parasitic
conductive channel due to the thermal diffusion of Al and Ga
into Si substrate which is strongly determined by the growth
thermal budget of the AIN nucleation layer. Although redu-
cing the growth thermal budget of AIN nucleation layer can
mitigate the thermal diffusion of Al into Si substrate, an
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unfavorably GT sy can also lead to a higher density of sur-
face deep pits on the AIN nucleation layer and consequently
induces a higher interface loss at AIN/Si interface by facil-
itating extra thermal diffusion of Al and Ga into the Si sub-
strate during the following epitaxial growth. Therefore, it is
crucial to minimize the growth thermal budget and ensure the
morphological quality of the AIN nucleation layer at the same
time to suppress the RF loss in device buffer stack. We
demonstrated that the RF loss of ~0.16 dB mm ™" at 10 GHz
from a full RF device buffer stack with an optimized AIN
nucleation layer with a thickness of 175nm grown at
1010 °C. This is ~40% lower than that of a device buffer
stack with a 200nm thick AIN nucleation layer grown at
1050 °C.
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