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Device Characteristics Comparison Between GaAs Single
and Double Delta-Doped Pseudomorphic High
Electron Mobility Transistors
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Abstract: The Alo2:Gao 6 As/Ino2GaosAs single delta<doped PHEMT (SH-PHEMT) and double delta<doped
PHEMT (DH-PHEMT) are fabricated and investigated. Based on the employment of double heterojunction, double
delta doped design,the DH-PHEMT can enhance the carrier confinement, increase the electron gas density, and im—
prove the electron gas distribution, which is beneficial to the device performance. A high device linearity, high
transconductance over a large gate voltage swing, high current drivability are found in DH-PHEMT. T hese im—

provements suggest that DH-PHEMT is more suitable for high linearity applications in microwave power device.
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1 Introduction

Pseudomorphic high electron mobility transis—
tor (PHEMT) is one of the best technologies for
power amplifiers in the frequency range of 10 to
100GHz. The delta-doped PHEMT has attracted
much more attention recently and become an alter—
native to traditional uniformly doped PHEMT in
application of microwave circuit systems such as
direct broadcasting satellites, microwave communi-
cation, and radar systems''. The key merits of &
doped PHEMT are high breakdown, high current
drivability, high transconductance, high carrier mo-
bility, and easy to control the threshold volt-
age!””. Now there are two kinds of most widely
PHEMT design. One is single & doped
PHEMT (SH-PHEMT) and the other is double
heterojunction, double & doped PHEMT ( DH-
PHEMT ). Both of these two kinds of PHEMT

used
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have wide applications, but a detailed performance
comparison of these two kinds of devices is still
limited'". In this study, a detailed comparison is
carried out for both of these devices fabricated in
our GaAs research product line. Especially, we fo-
cuse on the device linearity comparison to demon—
DH-

strate the linearity improvement by the

PHEMT design.

2 Device structure and fabrication

Both Alo.2sGao.76As/Ino.2Gac.1sAs SH-PHEMT
and Alo.2s Gao.ss As/Ino.22 Gao.7s As/Alo.2s Gaos As
DH-PHEMT were grown by molecular beam epi-
taxy( MBE) system on ( 100) -oriented semi-insu—
lating GaAs substrates. Figures 1 and 2 show the
device SH-
PHEMT and DH-PHEMT respectively. Both de-

vices are composed of a 12nm Ino.22Gao.7sAs channel

cross section of the investigated

layer with Znm undoped Alo.2sGao.76As spacer lay-
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er, a top silicon 6 doping plane, and a 30nm un-
doped Alo.2aGao.76As Schottky layer and a 50nm n”
GaAs cap layer doped 5X 10" cm™*. SHPHEMT
has a top silicon & doping of 5X10”em™* for elec—
tron supply. While DH-PHEMT has a top silicon 6
doping of 4X10"”cm™* and additional 4nm undoped
Alo.24Gans6As spacer layer and a bottom silicon &

doping of 1.5X10%em™ * below the channel.
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Fig.1 Device cross-section of SH-PHEMT
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Fig.2 Device cross-section of DH-PHEMT

The lym gate length, 120pum gate width both
SH-PHEMT and DH-PHEMT were fabricated in
our GaAs research product line. The drain to
source spacing of both devices is Sum. After the
mesa isolation, Ohmic contact was first formed by
depositing Ni/Ge/Au/Ge/Ni/Au six layers and
followed by a short rapid thermal annealing cycle
at 420C. The lum gate recess was defined by the
contact photolithography and was carried out with
wet etching using citric based solutions. By con-
trolling the etching time, the gate etch depth of the
PHEMT can be controlled to obtain the desired
threshold voltage. Ti/Pt/Au metals were then e—

beam evaporated to form Schottky gate. Silicon ni-

tride( SizN4) and silicon oxide(Si02) were used for
device passivation and were deposited by plasma

enhanced chemical vapor deposition(PECVD).

3 Results and discussion

Figure 3 shows the comparison of the /a.-Vu
output characteristics between the SH-PHEMT
and DH-PHEMT . As compared to SH-PHEMT , we
can observe a dramatic increase in saturation cur—
rent (Vo= + 1V) for DH-PHEMT. namely from
333mA/mm to about 485mA/mm. The larger out-
put current in DH-PHEMT is due to the double &
doped design to increase the two dimension elec-
tron gas(2DEG) density in the channel. Also the
double heterojunction structure is beneficial for the

2DEG confinement.
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Fig.3 DC output [o.—V & characteristics of both SH-
PHEMT and DH-PHEMT

The Iu versus Vi transfer characteristics of
both SH-PHEMT and DH-PHEMT are shown in
Figs. 4 and 5. Figure 4 shows the two kinds of
these devices with different threshold voltage (V)
and Figure 5 shows the two devices with nearly the
same threshold voltage.

From Figs. 4 and 5, we can also find the high
current supply in DH-PHEMT. In Fig. 4, the
threshold voltage of SH-PHEMT is about — 0.4V,
while the threshold voltage of DH-PHEMT is
about = 0.9V.The slope of the two curves in Fig.
4 are nearly the same but the /o of DH-PHEMT is
always higher when V. is the same. In Fig. 5,
though the threshold voltage of two devices is the
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same (= 1.3V), but obviously the slope of the DH-
PHEMT is higher and results in higher output cur-

rent again when biased at the same V..
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Fig. 4 o=V characteristics of both SH-PHEMT
and DH-PHEMT with different Vu
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Fig. 5 o=V characteristics of both SH-PHEMT
and DH-PHEMT with the same Vu

It can be found higher [a.-V .. curve linearity of
DH-PHEMT in both Figs. 4 and 5. To further
characterize these linearity properties, we use the
polynomial curve fitting technique to investigate
these transfer characteristics. We express the lu—
Ve curve by a 6th order polynomial form to de—
scribe the output characteristics as follows' ™.

Ti= av+ alVe+ aVi+ a:Vi
+ ailVh + asVL—% asV?s,
where ao means I corresponding to V= 0V, and
the a.’s are independent variables which can deter—
mine the linearity associated with .=V, transfer
characteristics. T ables 1 and 2 summarized the sim-
ulated results of Figs. 4 and 5, respectively. We can
see from both Tables | and 2 with a higher /u in
DH-PHEMT ( 20.84mA, 29.82mA respectively )
than in SH-PHEMT ( 6.04mA, 23.25mA respec—

tively) . For a distortion comparision, a.(n=2) is
normalized individually by ai. Therefore, a.(n=2)
values become a linearity index. Higher a.(n=2)
values translate the deterioration of device lin-
earites. For example, the a2/ar are 1.046 and
- 0.442 for SH-PHEMT in Tables 1 and 2 respec—
tively, but only 0.187 and - 0.065 for DH-
PHEMT. The rest of the a./a1 values are nearly all
smaller in DH-PHEMT than in SH-PHEMT . From
Tables | and 2, we can observe that DH-PHEMT
demonstrate much better linearity characteristic
SH-PHEMT, DH-

PHEMT can assure low inter-modulation distor—

than which indicates that

tion to suppress interference among the desired sig-

. .. .. 15]
nals in digital communication systems

Table 1
SH-PHEMT and DH-PHEMT in Fig. 4

Comparison of distortion factors between

an i al az2/ul a3/ al ad/al as/al a6/ al
DHPHEMT | 20.84 | 36.96 | 0. 187 |- 0.257 0.046 | 0.031 |- 0.032
SHPHEMT | 6.04 | 25.66 | 1.046 |- 0.217|- 0.578| 0.030 | 0. 118

Table 2
SH-PHEMT and DH-PHEMT in Fig. 5

Comparison of distortion factors between

an | an | al | l‘-fz/(l 1 | (ﬂf‘l‘ﬂ (I4/tl| | l‘f.r‘/l‘ll | l‘lﬁ/ﬂl
DH-PHEMT | 29.82 | 33.85 |- 0.065|- 0.295| 0.039 | 0.082 | 0.016
SHLPHEMT | 23.25 | 24.98 |- 0.442|- 0. 350 0. 631 | 1.862 | 0.111

Figures 6 and 7 show the comparison of the
Ve dependence of transconductance(gw) curves for
SH-PHEMT and DH-PHEMT in Figs. 4 and 5 re-
spectively. When the threshold voltage of the de-
vice are different, as seen from Fig. 6, SH-PHEMT
has higher maximum transconductance ( 338mS/
mm) than DH-PHEMT ( 320mS/mm) because the
deeper etching depth of the gate recess in the SH-
PHEMT resulted in higher gate control capacity.
But obviously the gw versus Vi profiles in DH-
PHEMT exhibit broader plateaus over a larger gate
voltage swing. When the threshold voltage of the
two devices are nearly the same, DH-PHEMT then
had both higher transconductance ( 275mS/mm )
and broader gw versus V. profiles than SH-
PHEMT ( 254mS/mm), as can be seen in Fig. 7.

These results can be attributed to the better accu—
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Fig. 6  guw—V. characteristics of both SH-PHEMT
and DH-PHEMT with different Vi
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Fig. 7 gwVu characteristics of both SH-PHEMT
and DH-PHEMT with the same Vi

mulation of transferred electrons in the InGaAs
well with a double heterojuction, double 6 doped
epitaxial design in DH-PHEMT. In SH-PHEMT,
only a triangular well is formed in the upper het-
erojunction. But in DH-PHEMT,
presence of heterojunctions at both sides of the In-
GaAs

formed instead of triangular quantum well.

because of the

channel, the quadrate quantum well is
T he
transferred electrons distributed in quadrate well
are more uniformly than in triangular well. And the
better confinement of electron gas in quadrate well
lower the possibilities of parallel conduction, which
At

the same time, the presence of the silicon § doped

is often a more severe problem in SH-PHEMT.

planes at both sides of the InGaAs quadrate quan-—
tum well also result in higher and more uniform
distribution of electron gas in the channel. So the
double heterojunction, double é doped DH-PHEMT
has higher transconductance over a larger gate

voltage swing, then the higher device linearity can

be obtained.

Figures 8 and 9 show the comparison of gu—a
curves for SH-PHEMT and DH-PHEMT in Figs. 4
and 5, respectively. A gain, it can be found gw distri-
bution of DH-PHEMT is wider and uniform as
compared with SH-PHEMT in both cases.
in DH-

T hese

also indicate the better device linearity

PHEMT than in SH-PHEMT.

400

350 "

wl Chgeeen,
=~ _{/r" \3 \\

E 250F 4 \ \

. /s Y \
:.g 200+ ‘-\.
< 150} ,
* 100

1 12— Double & doped PHEMT
50 —a- Single & doped PHEMT
0 i L L L L L
0 10 20 30 40 50 60
14/mA

Fig. 8  gw-u characteristics of both SH-PHEMT
and DH-PHEMT with different Vi
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Fig. 9 gwu characteristics of both SH-PHEMT
and DH-PHEMT with same Vu

4 Conclusion

In conclusion, we have demonstrated and in-
vestigated two kinds of & doped PHEMT ( DH-
PHEMT and SH-PHEMT). Due to better confine-
ment of electrons in the quadrate InGaAs quantum
well, higher electron densities, and more uniform
electron distribution, it is observed that the studied
DH-PHEMT has larger output current, higher de—
vice linearity, high transconductance over a larger

gate voltage swing than SH-PHEMT . T hese advan-
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