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Abstract—In this paper, d-doped InGaP/InGaAs pseudomor-
phic high-electron-mobility transistors (pHEMTs) with doping-
profile modifications are investigated in order to improve the
device linearity. The proposed modification was based on the
third-order intermodulation distortion (IM3) and the third-order
intercept point (IP3) analysis using a simple equivalent circuit of
the devices. The correlations of the extrinsic transconductance
(Gm) with IM3 and IP3 indicate that the flatness of Gm, as a
function of gate-bias causes a lower IM3 level. On the other hand,
a high Gm with a flatter Gm distribution results in higher IP3
value for the device. Therefore, doping modifications that improve
the flatness of the Gm distribution will also improve the device
linearity. Doping modifications in the Schottky layer (Schottky
layer doped) and in the channel layer (channel doped) of the
conventional d-doped InGaP/InGaAs pHEMT were investigated.
It was also found that extra doping, either in the channel region or
in the Schottky layer, improved the flatness of the Gm distribution
under different gate-bias conditions. This achieved a lower IM3
and a higher IP3 with a small sacrifice in the peak Gm value. The
power performances of these devices were tested at different drain
biases. Even though it had the lowest electron mobility among the
three different types of devices studied, the channel-doped device
demonstrated the best overall linearity performance, the highest
IP3 value, the lowest IM3 level, and the best adjacent-channel
power ratio under code-division multiple-access modulation.

Index Terms—Channel doping, device linearity, InGaP/InGaAs
pseudomorphic high-electron-mobility transistor (pHEMT),
third-order intercept point (IP3), third-order intermodulation
distortion (IM3), J-doped.

1. INTRODUCTION

ULTICHANNEL transmissions are widely used to

transmit signals in modern wireless-communication
systems. When there is more than one operating frequency for
a system and the neighboring frequencies are located closely
to each other, the device used in such a system will gener-
ate intermodulation distortion. Among all the types of inter-
modulation distortions incurred by such devices, third-order
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intermodulation distortion (IM3) is the most dominant. Thus,
it determines the linearity performance of a device. Therefore,
IM3 has become the most important factor with devices used in
modern wireless-communication systems.

InGaP/InGaAs pHEMTs have been widely used in various
high-performance wireless-communication systems [1], [2].
They were very popular because the InGaP Schottky layer
unlike the conventional AlGaAs layer does not form a deep-
complex center at the desired doping level. Moreover, high-
etch selectivity between the InGaP and GaAs materials results
in better control during the device-fabrication process [3].
Consequently, this paper examines the J-doped InGaP/InGaAs
pseudomorphic high-electron-mobility transistor (pHEMT)
with extra doping at the Schottky layer (Schottky layer doped)
and the channel region (channel doped) in order to improve
device linearity.

For the assessment of linearity, a nonlinear transfer-function-
based analysis method was used. Previously published results
have revealed that, in order to minimize third-order distor-
tion, the transconductance needs to remain constant during
the operating range of the gate bias. Hence, an improvement
in the flatness of the extrinsic-transconductance (Gm) profile
should result in lower IM3 levels and a higher third-order
intercept point (IP3) and, thus, improve the device linearity [4].
Equation (1) shows the relationship between Gm and the drain-
to-source current (/pg). To maintain a constant Gm with differ-
ent gate-to-source voltages (Vgs), the Ing as a function of Vg
should be constantly rising and the Ipg value should be large

_dIps

Gm = Vs’

(D

Because Ipg is proportional to the electron density, extra
doping in the conventional InGaP/InGaAs pHEMT structure
was used to modify the Ipg and to improve the Gm profile in
this paper. The structure of a d-doped InGaP/InGaAs pHEMT
is shown in Fig. 1. Two Si-planar-doped layers with doping
concentrations of 4 x 10*?/cm? and 2 x 10'?/cm? were used
to supply high carrier concentration in the quantum well at
the spacer and channel interfaces. For linearity improvement
to occur, light doping in the Schottky layer and in the channel
layer were used to improve the flatness of Gm as a function
of gate-bias conditions. The concentration level of the extra
doping in these layers was n = 5 x 107 cm™2. However, as
indicated in this paper, the extra doping results in a great
scatter of impurities and causes a decrease of carrier mobility
when compared to that of a conventional J-doped device,
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Fig. 1.

particularly when it is channel-doped [5]. It should be noted
that the electron mobility of the channel-doped device in
this paper was 3500 cm?/V s, which was smaller than the
Schottky layer-doped device (4100 cm?/V - s) and the conven-
tional §-doped device (4200 cm?/V -s) due to the impurity
scattering in the channel.

II. DEVICE-LINEARITY ANALYSIS

For device-linearity improvement to occur, a simple device
equivalent circuit, as shown in Fig. 2, was used to derivate
the relationship between IM3, IP3, and Gm. The nonlinear
circuit elements in this model are the Schottky barrier junction
capacitance at the gate (Cy), the gate-to-drain capacitance
(Cga), the intrinsic transconductance (g,,), and the drain
conductance (G4). Among them, Cys and g,,, are dependent
on the input voltage (V;), while Gd is dependent on the output
voltage (V) [6].

An analysis and estimation of the IM3 level and IP3 value
incurred by the device itself began with the derivation of the
nonlinear transfer function of the two-port network using

Structures of the three InGaP/InGaAs pHEMTs in this paper. (a) §-doped device. (b) Channel-doped pHEMT. (c) Schottky layer-doped pHEMT.
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Fig. 2. Simple device equivalent circuit of pHEMT for linearity analysis.

classical theory [7]. In such a case, the device may be classified
as a near-linear two-port system with a relatively small amount
of nonlinearity. The two port’s voltage gain may then be
approximated using the polynomial expansion
Vo = kll/i+k2yi2+k31/?+"‘. (2)
Applying Kirchhoff’s Current and Voltage Laws at specific
nodes in the network, the nonlinear voltage transfer function
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For the sake of simplicity of analysis, only the first-order sig-
nificant terms have been considered, the coefficients in (2) can
be expressed explicitly as k1 = —gp,/Ga, k2 = —g¢.,,/ G4, and
ks = —(1/2)g],, /G4, where g}, and g/, are the first and second
derivatives of the intrinsic transconductance, respectively.

For the analyses of IM3 and IP3, a two-tone signal, which
consists of two terminal signals with the same amplitude A
at two different but closely located frequencies, is used as the
input. Substitution of the two-tone input signal

v; = Acoswit + A coswat

“4)

into (2) yields the following expression for the IM3 level at
frequencies (2w; — we) and (2wy — wy) [7]:

3 3
Vo = Zk‘gAS cos(2wy — weo)t + ZkgAg cos(2ws — wr)t. (5)

(c)

Ipg versus Vipg curves for the three different types of 0.25 x 160 um? devices. (a) 5-doped device. (b) Channel-doped pHEMT. (c) Schottky layer-doped

When the load impedance is Ry, the IM3 of the device can be
obtained as follows:
2
(k)

2R.

Y

_ (\3[>2 (925)2
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Gi - Bo
By using the IP3 definition (i.e., the linear part is equal to
IM3), first, A is obtained using (7), and then, this value is used
in the following to obtain the IP3 of device:

IM3 =

- AS. (6)

kA= %k‘g,A?’ (7)
k2A?
IP3 =
2R,
4 3
—s——Jn (®)

gg%‘Gas'RL.
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In a linear equivalent circuit, the drain—source current model
can be used to estimate IM3 and IP3 using the following

(8], [9]:

O0lps y

O0Ips

m * Vds &)

Z-ds(l/g& Vds) =
where v, and vy, are the incremental gate and drain voltages,
respectively. i4s is the linear terms for the drain-to-source
current. The small-signal drain-to-source current can be
modeled as a function of Vg, as shown in the following:

) = sl

= a1 + ZCLQVGS + 3G3V§S
+4a,Vig + SasVig + -+ (10)

Hence, the relationships between IM3, Gm, and Gds, and IP3,
Gm, and Gds are shown in (11) and (12), respectively

" \2
IM3 ochfiﬁnl)% - AS (11)
ds
3
IP3 (Gm) (12)

A -
G/7/n : Gds “Rp

As a result, the IM3 level is directly proportional to the
second derivative of the Gm (Gm”), while the IP3 value is
inversely proportional to the Gm” and directly proportional
to the third power of Gm. Therefore, a lower IM3 level can
be achieved by increasing the flatness of the Gm distribution
across the gate-bias region. Meanwhile, a higher value Gm with
a flat Gm distribution will result in a higher value IP3. For this
reason, extra doping in the Schottky layer and in the channel
layer was used to modify the Ipg and to increase the flatness
of the Gm distribution and, thus, improve the device linearity.

III. DEVICE FABRICATION

Three different types of the InGaP/InGaAs pHEMT devices,
shown in Fig. 1(a), (b), and (c), were fabricated. There are
five major steps in the fabrication of InGaP/InGaAs pHEMT.
These include the following: defining the active region, de-
positing and annealing the ohmic metal, wet chemical etching
for gate recess, forming the gate using electron-beam lithog-
raphy and lift-off process, and gold-plating of the airbridges
for the interconnects. The mesa etch was achieved by using
HC1/H20 (1:1) solution etching for the InGaP layer and
HF/H302/H50 (2 : 3 : 10) solution for other layers. The ohmic
contacts were formed by AuGe/Ni/Au evaporation and were
annealed rapidly at 355 °C for 30 s by rapid thermal annealing.
A double recess was used to achieve superior device linearity
[10]. The gate recess was performed using a highly selective
citric acid/H2 02 /H50 solution to selectively remove the cap
GaAs material. An HCI/H2O solution was used to etch the
InGaP Schottky layer. The Ti/Pt/Au was then deposited as
the Schottky gate metal, and the gate was formed by lift-off
technique. The gate length and the source-to-drain spacing on
the fabricated devices were 0.25 and 2 pm, respectively.
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Fig. 4. (a) Gm versus Vg curves and (b) Ipg versus Vgg curves for the

three different types of devices studied, the device size is 0.25 x 160 ym? and
the Vpg bias is 1.5 V.

IV. RESULTS AND DISCUSSION

The three different types of 0.25 x 160-pm InGaP/InGaAs
HEMTs, as shown in Fig. 1, were fabricated, tested, and com-
pared. Fig. 3 shows the Ipg versus Vpg curves of the three
different types of devices. From a comparison of these devices,
it can be seen that the Schottky layer-doped device has a higher
Inss (Ips @ Vg =0 V) of 408.7 mA/mm and has a higher
pinch-off voltage of —1.8 V. The characteristics of the Gm
dependence on the gate-bias are shown in Fig. 4(a). It can be ob-
served that extra doping, either in the channel or in the Schottky
layer of a conventional §-doped InGaP/InGaAs pHEMT, result
in a flatter Gm distribution, but both have a lower maximum Gm
value as compared to that of a conventional §-doped device.
The comparative Ipg—Vgs curve for these devices is shown
in Fig. 4(b). The channel-doped device has the maximum Ipg
value of 634.3 mA/mm, which is the highest of the three
structures. The extra doping in the Schottky layer increases
the number of electrons in the 2DEG and results in a higher
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TABLE 1
COMPARISON OF THE DC CHARACTERISTICS OF THE THREE DIFFERENT TYPES OF DEVICES
Conventional doped Schottky layer doped Channel doped
Device Type InGaP/InGaAs InGaP/InGaAs InGaP/InGaAs
PHEMT PHEMT PHEMT
Delta doping above 4.0x10" 4.0x10™ 4.0x107
Doping (cm?) below 2.0x10" 2.0x10" 2.0x107
density Channel layer(cm™) undoped undoped 5.0x10""
Schottky layer(cm™) undoped 5.0x10" undoped
Ipss (lps @ Vgs=0, mA/mm) 356.9 408.7 359.6
Ips-max (mA/mm) 509.3 501.2 634.3
GMypax (MS/mMm) 372.1 277.6 368.4
Pinch-off voltage -1.25 -1.80 -1.35
Ips-Vas polynomial 1 order coefficient a; 0.04978 0.03079 0.05742
Ins-Vas polynomial 3™ order coefficient a; -0.01453 -0.00592 -0.00968
as/a; -0.29188 -0.19227 -0.16858
Ins-Vas polynomial 5" order coefficient as 0.00385 0.00423 0.00015
as/a; 0.07734 0.13738 0.00261

Ipss along with a higher pinch-off voltage. Meanwhile, extra
doping in the channel layer results in a more uniform electron
distribution in the 2DEG with a higher maximum Ipg value, but
the Ipgs and pinch-off voltage remain the same as that of the
device without extra doping.

However, both Schottky barrier doping and channel doping
increase the gate-leakage current of the devices. The addition
of doping typically reduces breakdown voltages, indicating that
the extra doping can improve the device linearity and can
be used for handset applications. However, it is not preferred
in high-voltage operations of base stations. A comparison of
the dc characteristics of these three 0.25 x 160-um devices is
presented in Table I.

To further investigate the linearity performance of the three
devices, the polynomial curve-fitting technique, using (10), was
applied to the transfer characteristic functions of these devices.

Moreover, the IM3 levels incurred by the device can then be
readily derived as [11] and [12]

IM3 = %G,?,Ag + $a5A5.

n (13)

For a device with good linearity, Ipg should increase linearly
with Vg, therefore, a; should be larger and the higher order
constants a3 and as should be minimized [12]. The coefficients
of these devices extracted from the measurement data when
Vbs = 1.5 V are listed in Table I. From a comparison of the
data of these three different devices in Table I, it can be clearly
observed that the channel-doped device has a larger a; and
smaller a3 and a5 values, while the Schottky layer-doped device
only shows lower as.

To evaluate the device linearity, the IM3 level and IP3 of
these devices were measured. The IM3 and IP3 measurements
were carried out by injecting two signals with the same am-
plitude but at two different frequencies: 5.8 and 5.801 GHz,
setting the devices biased at Vpg = 1.5V, and adjusting the Ipg
to get the IP3 versus Ipg curves. Fig. 5 shows the IP3 versus
Ips curves of these three different 0.25 x 160-um devices,
which had their individual load impedances tuned for maximum
power. It also shows that the two devices with extra doping
have higher IP3 values. Moreover, while the channel-doped

24 . T
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Fig. 5. IP3 versus Ipg curves of the three 0.25 x 160-um? InGaP/InGaAs
pHEMTs in this paper, the test frequency is 5.8 GHz and Vpg = 1.5 V.

device has a high IP3 over a wider region versus different
Ips, the Schottky layer-doped device has a high IP3 in the
lower Ipg-bias region. The measured maximum IP3 for these
devices are listed in Table II. The I'soyrce and I'jpaq tuning of
the conventional é-doped, Schottky layer-doped, and channel-
doped devices are 0.50°£56.7° and 0.46°/47.7°, 0.05°Z
—176.17° and 0.58° £32.3°; and 0.52°£99.9° and 0.51° £56.0°,
respectively. The channel-doped device shows a higher IP3 of
21.02 dBm, a higher A (IP3 — P 4p) of 14.23 dB, and a higher
IP3 to dc power consumption ratio (IP3/Ppc) of 4.97 when
compared to those of the other devices. Overall, the channel-
doped device has the highest figure of merit value for device
linearity. Fig. 6 shows the IM3 value of these three devices
with the DC-bias point at the maximum IP3 condition. The
measured IM3 levels at 20 dB, backed off from P; 4p, are also
included in Table II. Much lower IM3 levels for the devices
with extra doping were observed when compared to those of
the conventional J-doped device, particularly, for the channel-
doped device (—82 dBm). From the data in Figs. 4-6, it can be
concluded that extra doping, either in the channel region or in
the Schottky layer, can achieves a flatter Gm distribution versus
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TABLE 1I
COMPARISON OF THE IM3 AND IP3 OF THE THREE DIFFERENT TYPES OF DEVICES
DC bias point: Vps = 1.5V
. Operation frequency: 5.8GHz
Device Type los [ TM3level at20dB | P1dB | IP3 A IP3/PDC
(mA) back-off from (dBm) | (dBm) | (IP3-P1dB)
P1dB (dBm) (dB)
Conventional delta-doped | 22.34 -75 5.79 17.38 11.59 1.63
InGaP/InGaAs PHEMT
Schottky layer doped 14.72 -80 543 | 19.52 14.10 4.06
InGaP/InGaAs PHEMT
Channel doped 16.96 -82 6.79 21.02 14.23 4.97
InGaP/InGaAs PHEMT
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Fig. 6. IM3 versus power backed off from P; 4 curves for the three
different types of InGaP/InGaAs pHEMTs, device size: 0.25 x 160 pm?, test
condition: Vpg = 1.5 V, Ipg bias at maximum IP3, and the input signal
frequency is 5.8 GHz.

Vs bias. Moreover, extra doping in the channel region or in the
Schottky layer results in a lower overall IM3 level and higher
IP3 value for these devices, while the same condition result in
a higher peak Gm value in a conventional J-doped device.

To further analyze the effects of Gm distribution with differ-
ent doping modifications, the Gm distributions versus different
Vbs were also compared for the Schottky layer-doped and
channel-doped devices. Fig. 7 shows the Gm versus Vg distri-
bution curves of these devices under different drain-to-source
voltage (Vpg) biases. The Gm distribution became sharper
for the Schottky layer-doped device and more gradual for the
channel-doped device as the Vpg bias increased, as shown in
Fig. 7(a) for the Schottky layer-doped device and Fig. 7(b) for
the channel-doped device. These results show that the extra
doping in the different layers of the devices results in different
electron distributions. The channel-doped device shows a more
uniform electron distribution in the 2DEG when the Vpg bias
increases.But for the Schottky layer-doped device, the electrons
concentration is higher at the top of the channel where the
electron distribution is sharp on one side. A load-pull measure-
ment was performed on these devices using a wideband-code-
division multiple-access (W-CDMA) modulation signal as the
input to evaluate the device linearity at different dc biases. The
P, 4B, gain, and power-added efficiency (PAE) of these devices
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Fig. 7. Gm versus Vgg curves at different Vpg bias points for (a) Schottky
layer-doped device and (b) channel-doped device.

were measured by using a single-tone input power at 5.8 GHz
and by tuning the maximum power with different Vpg at the
best biases for IM3 level. A W-CDMA modulation signal was
used as the input signal to meet the adjacent-channel power
ratio (ACPR) with P, 4g at +5-MHz offset and at +10-MHz
offset from the center frequency. Table III shows a comparison
of the ACPR measurements for both the Schottky layer-doped
device and the channel-doped device under different Vhg biases
at the best Ipg bias for the IM3. As shown in Fig. 7, as a
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COMPARISON OF ACPR OF THE SCHOTTKY LAYER-DOPED DEVICE AND THE CHANNEL-DOPED DEVICE

TABLE 1II

UNDER DIFFERENT Vpg AT THE BEST Ipg BIAS FOR IM3

The best Ipg bias for IM3
Device RF Performance Vps=15 Vps=3.0
Pout(dBm) -27.58 -24.15
+6MHz offset -30.44 -29.24
Schottky layer doped ACPR . . .
InGaP/InGaAs PHEMT | (dBc) | omMHz offset 30.31 25.70
+10MHz offset -52.59 -50.57
-10MHz offset -52.59 -48.29
Pout(dBm) -28.01 -22.88
+5MHz offset -30.54 -32.69
Channel doped ACPR -5MHz offset -29.98 -30.38
| P/ As PHEMT B
nGaP/inGaAs (ABC) | T oMHz offset 51.66 52.42
-10MHz offset -52.39 -52.33

Pi 4B, GAIN, PAE, AND ACPR OF THE THREE DIFEEE]I;I]\;:T lI)\;VICES UNDER DIFFERENT Vpg AT CLASS-A-BIAS
Class A
Device RF Performance Vs =15 | Vps =24 | Vps =3.0
P1dB(dBm) 7.58 9.25 11.47
Gain(dB) 20.11 21.98 22.49
Schottky layer doped PAE (%) 9.55 8.76 11.41
InGaP/InGaAs PHEMT +5MHz offset -28.75 -28.33 -21.37
ACPR [ .5MHz offset | -30.19 | -28.28 | -22.82
(dBe) S 10MHz offset | -47.28 | -48.06 | -38.84
-10MHz offset -51.20 -49.75 -41.64
P1dB(dBm) 8.17 12.48 14.20
Gain(dB) 13.63 13.89 14.01
Channel doped PAE(%) 15.08 25.43 29.23
InGaP/InGaAs PHEMT +5MHz offset | -32.30 | -37.03 | -40.96
/?(?BF;? -5MHz offset | -32.43 | -36.58 | -40.17
+10MHz offset | -51.40 -54.63 -55.39
-10MHz offset -53.05 -54.75 -55.19

1623

result of the bias point being on the left-hand side of the Gm
profile (Vgs < 0), the Gm distribution is similar with different
Vpg biases. Therefore, the ACPR value was found in this paper
show only a small variation with changes to the Vpg bias.
More specifically, for the channel-doped device, the ACPR
measurement improves as the Vpg bias increases, while for the
Schottky layer-doped device, the ACPR measurement declines
with increase in Vpg bias (these results are consistent with the
Gm profiles in Fig. 7). Table IV presents a summary of the
device power performances and the ACPR values when the two
devices were Class-A-biased. The channel-doped device shows
a higher P; gp with a higher PAE. Because the bias point
is close to the peak of the Gm profile, the Gm distribution
changes as the Vpg bias increases. When the Vpg bias point
increases, the adjacent-channel leakage power of the channel-
doped device decreases while the Schottky layer-doped device
increases. From the above results, it can be further verified
that the performance of the ACPR measurement for the devices
depends on the Gm profile. A gradual Gm distribution results
in a higher ACPR value than a sharp Gm distribution. The
d-doped InGaP/InGaAs pHEMT with lightly doping in the
channel results in a flatter Gm distribution, and the flatness

of the Gm distribution continues to extend as the Vpg bias
increases. However, for the Schottky layer-doped device, the
distribution of Gm is compressed with an increase Vpg bias.
The ACPR tests performed on these two devices using 5.8-GHz
W-CDMA modulation signals, and a Vpg bias at 3 V are shown
in Fig. 8. The channel-doped device performs better power
performance with a P; gp of 14.20 dBm, PAE of 29.23%,
and ACPR of —40 dBc at +5-MHz offset and —55 dBc at
+10-MHz offset from the center frequency [Fig. 8(a)]. The
performance of the Schottky layer-doped device is inferior to
that of the channel-doped device as it only obtained a P; 4p of
11.47 dBm, PAE of 11.41%, and ACPR of —21 dBc at +=5-MHz
offset and —38 dBc at -10-MHz offset [Fig. 8(b)]. By contrast,
the channel-doped device demonstrates a much better linearity
under CDMA modulation than does the Schottky layer-doped
device, particularly, if there is a high Vpg bias.

V. CONCLUSION

The improved device linearity of the J-doped InGaP/InGaAs
pHEMTs with extra doping has been demonstrated. The extra
doping, either in the channel layer or in the Schottky layer,
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Fig. 8. ACPR spectrum of the InGaP/InGaAs pHEMTs. (a) Schottky
layer-doped device. (b) Channel-doped device. Device size: 0.25 x 160 pum?,
test condition: Vpg = 3 V, class-AB bias, and the input signal frequency
is 5.8 GHz.

results in the increased flatness of the Gm versus Vg curve
and also leads to lower overall IM3 level and higher IP3 value
for these devices even though the conventional device exhibits
higher peak Gm. After a light doping of 5 x 107 /cm? in the
channel region, the channel-doped device, when compared to
the other two devices, achieved the maximum Ipg, the flattest
Gm versus Vg, and a Gm value which increased with an
increase in Vpg bias. Furthermore, although the channel-doped
device has the lowest electron mobility, the dc characteristics
have caused it to have the highest IP3 value and the lowest
IM3 level, as well as the best ACPR value during CDMA
modulation. The experimental results presented in this paper
are consistent with the accompanying theoretical analyses. In
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summary, doping modification, either in the channel region or
in the Schottky layer, has been proven to be effective in the im-
provement of the linearity of InGaP/InGaAs pHEMT devices.
In short, this approach can be used in the development of high-
linearity devices for application in wireless-communication
technology.
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