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Abstract In this paper, the composite graded-AlGaN/graded-InGaN high electron mobility transistors (CG-HEMTS) are reported with
high linearity and high power. In order to broaden the electron distribution, the graded-AlGaN barrier and graded-InGaN channel layer
are combined. Thus, the wider gate voltage swing (GVS) is realized. At the same time, due to the two graded layers, the centroid of
3DEG in CG-HEMTS is located in the middle of the two graded layers. Thus, the centroid of 3DEG of the CG-HEMTSs is kept away
from both the high Al component and the high In component. The random alloy scattering of charge carriers is reduced. This is why the
mobility of the CG-HEMTs is higher. While the transconductance (gm) of CG-HEMTSs is broadened, the peak g, of the CG-HEMTSs
is higher because of the high mobility. In order to achieve high power, the high Al component graded-AlGaN (40%-0%) is grown to
enhance polarization. Ultimately, the 4 V of GVS, 260 mS/mm, and 1370 mA/mm are achieved by the CG-HEMTs. At 3.6 GHz, the
6.2 W/mm of output power density (Pout) and 55% of power-added efficiency (PAE) are realized. The output third-order intercept point
(OIP3) of the CG-HEMTsS is 40.9 dBm, which is the highest OIP3 ever reported.
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1 Introduction

Gallium nitride (GaN) high electron mobility transistors (HEMTs) have characteristics that display a wide bandgap,
high critical breakdown electric field, and high electron saturation speed, and have been developed in the past
decades [1-4]. The GaN HEMTSs are not only successfully applied to 5G communication base stations but also can
be applied to mobile terminals [5]. However, linearity has always been a key issue restricting the development and
application of GaN HEMTSs. The reasons for the low linearity of the GaN HEMTs are the non-linear source access
resistance (1s) [6] and the lower saturation velocity (vsat) at high drain current (Iq) density [7,8].

After previous studies, the linearity could be improved by polarization-graded HEMTs (Pol-HEMTs) [9,10]. The
rs-14 relationship can be modulated by the Pol-HEMTSs. The decrease in v, is suppressed by the voltage increase
because of the three-dimensional electronic gas (3DEG) in Pol-HEMTs [11]. It has been shown that both graded-
AlGaN [12] and graded-InGaN [13] could increase the gate voltage swing (GVS) of the GaN HEMTs. However, on
the one hand, the requirements for GaN HEMTs linearity are higher by the development of communication. On
the other hand, the polarization of Pol-HEMTS is weak, resulting in lower output current (I4) and output power
density (Pout)-

To further improve the linearity of the GaN HEMTS, the graded-AlGaN barrier layer and graded-InGaN graded
channel layer are combined in this article. The carrier distribution is further broadened. Thus, the wider GVS could
be achieved. Further, the higher linearity could be realized by the composite graded-AlGaN/graded-InGaN high
electron mobility transistors (CG-HEMTSs). In [14], the Si-doped graded-AlGaN barrier layer was used to improve
the carrier density. However, the Si-doped barrier layer results in a serious leakage current. Thus, the Si-doped
barrier layer could only be used for low voltage applications. In order to improve P, of the graded barrier layer,
the Al component of the graded barrier layer is defined as 40%—0% (from top to bottom). The strong polarization
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Figure 1 (Color online) (a) Schematic cross section of the CG-HEMTs; (b) process flow for the fabricated CG-HEMTs.

can be achieved by a higher Al component [15,16]. Meanwhile, the graded-AlGaN causes the centroid of 3DEG to
shift upward [14], and the graded-InGaN leads the centroid of 3DEG to shift downward [17]. Thus, the centroid of
3DEG of the CG-HEMTsS is located in the middle of the two graded layers. The center of 3DEG is far away from
the high Al component and the high In component. Thus, the random alloy scattering is reduced. Therefore, the
mobility of the CG-HEMTs is improved. Further, the higher I4 and peak gy, are realized. Due to the higher I4
and wider GVS, the high linearity and P,y could be achieved by the CG-HEMTs at the same time. In conclusion,
the carrier distribution is broadened by the CG-HEMTSs to improve the linearity. The high Al component of the
graded barrier layer is defined to improve I4. The centroid of 3DEG of the CG-HEMTs is located in the middle of
the two graded layers to improve the mobility.

In this paper, the graded-AlGaN/graded-InGaN/GaN/AIN HEMTs are designed and fabricated for high linearity
and high power application. The 4 V of GVS is realized. The saturation current (Iqmax) and peak gn, are
1370 mA /mm and 260 mS/mm, respectively. Meanwhile, the current gain cutoff frequency (fr) and the maximum
oscillation frequency (fmax) are 26.3 and 51.5 GHz at a drain voltage (Vq) of 10 V, respectively. The 6.2 W/mm
of output power density (Poyt) and 55% of power-added efficiency (PAE) are achieved at 3.6 GHz and V = 28 V.
And, the state-of-the-art 40.9 dBm of OIP3 is achieved.

2 Growth epitaxy and device fabrication

The 3-inch semi-insulating 4H-SiC was used as substrates. And the epitaxial layers of the CG-HEMTs were
grown by metal organic chemical vapor deposition (MOCVD), including a 60 nm high-quality AIN buffer layer, a
200 nm GaN channel layer and a 10 nm graded InGaN (0%—7%, from top to bottom) channel layer and a 20 nm
graded-AlGaN (40%-0%, from top to bottom) barrier layer from down to top. By the Hall measurements, the
electron density of the CG-HEMTs is 1.35x10'® cm~2. The schematic cross section of the CG-HEMTs is shown in
Figure 1(a).

The CG-HEMTS fabrication process started with depositing a metal stack including Ti/Al/Ni/Au. To form
the ohmic contact, the CG-HEMTSs are annealed at 860°C for 60 s in the Ny ambiance. Then, the nitrogen ion
implantation was used to form the CG-HEMTs electrical isolation. The CG-HEMTs are deposited SiN passivation
by plasma-enhanced chemical vapor deposition (PECVD). Next, the lithography and CF4-based plasma etching
are used to define the 0.5 wm gate window and the 1.3 wm gate cap, to achieve a T-shaped gate. The Schottky
contact is achieved by Ni/Au metal stack. Finally, the interconnection of the CG-HEMTs is achieved by Ti/Au
metal stack. The source-drain spacing (Lsq) of the CG-HEMTSs is 4 pm. The gate width is 2x50 pm. The process
flow is shown in Figure 1(b).

3 Results and discussion

The capacitance vs. voltage (CV) characteristics and electron distribution profile of the CG-HEMTs are shown in
Figure 2(a). The CV curve first shows a plateau, and then the capacitance increases linearly as the voltage increases.
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Figure 2 (Color online) (a) Capacitance-voltage and electron distribution profile of the CG epilayer; (b) schematic of the position of the
three-dimensional electron gas centroid of the graded-AlGaN/graded-InGaN HEMTs.
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Figure 3 (Color online) (a) Output characteristics and (b) transfer curves of the CG-HEMTs.

Due to the two graded layers, the electron distribution exhibits two flat peaks. Due to the high Al component, the
high carrier density is achieved. The schematic of the 3DEG centroid of the CG-HEMTs is shown in Figure 2(a).
The electron concentration distributions and the centroid of the 3DEG of the graded-AlGaN/InGaN HEMTs are
shown in Figure 2(b). It can be seen that the 3DEG centroid of the graded-AlGaN HEMTsS is upper, that of the
graded-InGaN HEMT'Ss is lower, and that of the CG-HEMT'Ss is middle. Thus, the random alloy scattering of the
CG-HEMTsS is reduced.

The output characteristics of the CG-HEMTSs are shown in Figure 3(a). The Iqmax of the CG-HEMTs is
1368.9 mA /mm, because of the high carrier density. The high Py, could be achieved by the high T4 max. The
transfer curve of the CG-HEMTs is shown in Figure 3(b). The threshold voltage (Vrm) of the CG-HEMTs is
—4.8 V. Due to the 3DEG, the vg, could stay constant by the voltage increased [10]. Thus, the gy, drop slows
down by the gate voltage (V) increases, and the flatter g, curve could be achieved. The 4 V of GVS could be
realized by the CG-HEMTs. Thus, the high OIP3 could be achieved by the CG-HEMTs.

The contact resistance (R.) and sheet resistance (Rgpeet) of the CG-HEMTs are measured by the transmission
line method (TLM). As shown in Figure 4(a), the 0.4 Q-mm of average R. and 294.7 Q/sq of the average Rgpeet are
achieved by the annealing process. For the surface with high Al components, the R. and Rgheet are low enough to
achieve high P,ut. To measure the current collapse (CC) of the CG-HEMTs, the pulse tests of different quiescent
bias voltages are tested in Figure 4(b). The pulse width and period of the CG-HEMTSs are 500 ns and 1 ms,
respectively. As the drain quiescent bias voltage is 20 V, the CC of the CG-HEMTsS is 3.82%. This is due to the
high quality of the AIN buffer and passivation SiN layer [18]. Due to the low CC, the high PAE and Py, could be
achieved by the CG-HEMTs.

As shown in Figure 5(a), the mobility of the CG-HEMTs is measured by the transfer curve at V4 =
0.1 V. The 1510 cm?/(V-s) of mobility is realized by the CG-HEMTs, which benefits from the low random al-
loy scattering. Thus, the mobility of the CG-HEMTs is higher than that of the graded-AlGaN/InGaN HEMTs.
In order to demonstrate the superiority of CG-HEMTSs, the gy, of the CG-HEMTSs and graded-AlGaN/InGaN is
shown in Figure 5(b). The first derivative (g/,) and second derivative (g/) of g, of the CG-HEMTs and graded-
AlGaN/InGaN are shown in Figures 5(c) and (d), respectively. The widest gy, curve could be achieved by the
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Figure 4 (Color online) (a) Transmission line method characteristics of the CG-HEMTs; (b) pulse characteristic curves of the CG-GaN HEMTs
under (0, 0), (=8, 0), (=8, 10), and (—8, 20).
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Figure 5 (Color online) (a) Mobility of the CG-HEMTSs; (b) transconductance curves of the CG-GaN HEMTs and graded-InGaN/AlGaN
HEMTs; (c) the first derivative of the transconductance curve of the CG-GaN HEMTs and graded-InGaN/AlGaN HEMTs; (d) the second
derivative of the transconductance curve of the CG-GaN HEMTs and graded-InGaN/AlGaN HEMTs.

CG-HEMTs. Tt can be seen that the lowest g7, and g are achieved by the CG-HEMTSs. According to Eq. (1) [19],
we have the following.

To demonstrate that CG-HEMTs have smaller random alloy scattering, the intrinsic g, of the GaN HEMTSs
is measured. The scattering parameters (S-parameters) were measured by the N5247B PNA-X network analyzer
with IC characterization and analysis program (IC-CAP) [11,20,21]. As shown in Figure 6, the peak intrinsic g,
of the CG-HEMTS is 361 mS/mm. The peak intrinsic gms of the graded-AlGaN/InGaN GaN HEMTs are 353
and 278 mS/mm, respectively. The threshold voltage (V) corresponding to the intrinsic gp,s curve is the same
as the tested g, curve in Figure 5(b). Compared with the graded-InGaN and graded-AlGaN GaN HEMTs, the
CG-HEMTSs have a higher intrinsic g,,. This benefits from reduced random alloy scattering. The intrinsic gy, curve
of the CG-HEMTs is wider than that of the graded-InGaN and graded-AlGaN HEMTSs. This proves that the high
linearity could be achieved by the CG-HEMTs.
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Figure 7 (Color online) (a) Small signal characteristics of the CG-HEMTs at Vq = 10 V; (b) Vg- V¢, dependence of fr and fmax measured
at V4 = 10 V of the CG-HEMTs and graded-AlGaN/InGaN.

The current gain (H2;) and maximum stable gain (MSG) of the CG-HEMTSs are shown in Figure 7(a). The
small signal characteristics of the CG-HEMTSs are tested at V4 = 10 V. The f1 and f.x are 26.4 and 50.0 GHz,
respectively. The fr is higher than the other GaN HEMTs for the Ly of 0.5 pm. Because of the high gy, the high
fr could be achieved by the CG-HEMTs. The fr and fmax at V4 of 10 V vs. V- Vyy, are shown in Figure 7(b). It
can be seen that the curves of the fr and fax remain flat in the Vg-Vyy, range of 1-4 V. Meanwhile, the f1/fmax
curve of the CG-HEMTs is flatter and higher than that of the graded-AlGaN/InGaN. It benefits from the flatter
gm curve. Thus, this also demonstrates the potential of CG-HEMTs for high linearity [5].

As shown in Figure 8(a), the load-pull measurement for the CG-HEMTs is tested at 3.6 GHz and Vg4 = 28 V.
Due to the high T4 max, the 5.5 W/mm of Py, could be achieved. The PAE of the CG-HEMTs is 53%. The
flat gain curve benefits from the wider GVS. The 1 dB compression point (P1dB) of the CG-HEMTs is 25 dBm.
This shows the high linearity for the CG-HEMTs [22]. The I,y of the CG-HEMTS is shown. In Figure 8(b), the
two-tone linearity of the CG-HEMTs is tested at 3.6 GHz fundamental frequency and 3.61 GHz 2nd tone frequency.
The OIP3 and OIP3/Ppc of the CG-HEMTsS are 40.9 dBm and 13 dB, respectively.

In Figure 9(a), the benchmarks of OIP3 versus I4max for the CG-HEMTSs against graded-AlGaN/
graded-InGaN GaN HEMTS in other studies [9,11,13,14,23] are shown. It can be seen that the highest I4 max and
OIP3 are achieved by the CG-HEMTSs. Meanwhile, the benchmarks of OIP3 versus P, are shown in Figure 9(b).
Due to the high Al component improved the density of the carrier, the higher Py, could be achieved by the CG-
HEMTs. This proves that the CG-HEMTSs could meet the needs of both high linearity and high power applications.
It provides a new idea for the design of the epitaxial layers of the GaN HEMTSs in the future.

To demonstrate the advantages of this work, Table 1 is made to compare high-linearity GaN HEMTs in different
studies [9,11,14,17,24-26]. It could be seen that the OIP3 and Py of the CG-HEMTSs are state-of-the-art work.
This benefits from a widened carrier distribution, improved mobility, and saturation currents.
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Figure 8 (Color online) (a) Load-pull measurement for the CG-HEMTs at 3.6 GHz and V4 = 65 V; (b) the benchmarks of two-tone linearity
measurements with f1 = 3.6 GHz and f2 = 3.61 GHz biased near Class A.
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Figure 9 (Color online) (a) OIP3 versus I4 max and (b) OIP3 versus Poyu: for the CG-HEMTs against graded-AlGaN/graded-InGaN GaN
HEMTS in other literature.

Table 1 Comparison of linearity characteristics of high linearity GaN HEMTs in different studies.

Td max (MA/mm) GVS (V) OIP3 (dBm) OIP3/Ppc (dB) Poue (W/mm)
This work 1370 4 40.9 13 6.4
HKUST [24] 900 5.5 33.2 - 3.38

Ohio [9] 720 2.5 33 12 2

Ohio [11] 1000 3 39 13.3 3.4

XD [14] 1900 6.5 39.3 10 0.75

XD [25] 970 3.5 36.4 12.9 -
UCSB [26] 1500 - - 12 3
UCSB [17] 1550 2.5 32 15 -

4 Conclusion

In this paper, GaN HEMTs are reported with a high Al component graded-AlGaN barrier and a graded InGaN
channel layer. The CG-HEMTSs could meet the needs of high linearity and high power at the same time. The
distribution of 3DEG is broadened by the two graded layers. Thus, the wider GVS is realized by the CG-HEMTs.
The mobility of the CG-HEMTs is improved, because the centroid of 3DEG in CG-HEMTs is far away from the
high Al component and the high In component. The random alloy scattering is reduced by the middle location
of the centroid of 3DEG in CG-HEMTs. The high Al component strengthens polarization, which increases the
carrier density. Thus, the higher P, could be achieved by the CG-HEMTs. The state-of-the-art 40.9 dBm OIP3
is realized. This proves that the CG-HEMTSs could meet the needs of high linearity and high power applications at
the same time.
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