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A temperature-dependent flicker (1/f) noise model is developed for p-GaN gate AlIGaN/GaN-HEMTSs by coupling
trap-related fluctuation mechanisms: carrier-number fluctuation (CNF) and carrier-mobility fluctuation (CMF). Based on
this, a dimensionless fluctuation-weighting factor is introduced to quantify the relative contribution of CNF and CMF
as the two-dimensional electron gas (2DEG) density increases. The model naturally leads to three analytical regimes,
corresponding to the low-, moderate-, and strong-2DEG regions. Experimental measurements performed over gate biases
of 0.5-4.2 V, temperatures of 300420 K, and frequencies of 1 Hz—10 kHz show good agreement with the proposed model.
The proposed model provides a unified interpretation of bias-, temperature-, and frequency-dependent 1/ noise in p-GaN
gate AlIGaN/GaN HEMTs and offers a physical basis for trap-related mechanism characterization in normally-off GaN

power devices.
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1. Introduction

AlGaN/GaN high-electron-mobility transistors (HEMTSs)
are promising candidates for high-frequency and high-
temperature power conversion owing to-the wide bandgap,
high critical electric field, and high electron saturation veloc-
ity of GaN.!'-3 Moreover, the high-density two-dimensional
electron gas (2DEG) formed at the AlGaN/GaN heterointer-
face enables low on-state resistance.*! For practical power-
electronic applications, normally-off operation is also highly
desirable because it facilitates fail-safe operation and sim-
plifies gate-drive design.®] To meet this requirement, the p-
GaN layer depletes the underlying 2DEG channel at zero
gate bias (gate-to-source voltage, Vgs), thereby realizing
enhancement-mode operation while retaining the transport ad-
vantages of the AIGaN/GaN heterostructure.'%! Consequently,
p-GaN gate AlIGaN/GaN HEMTs have attracted consider-
able interest for electric vehicles, data-center power supplies,
renewable-energy converters, and compact high-frequency
power-conversion systems.!”8! Meanwhile, as these devices
are operated at increasingly high voltages, switching frequen-
cies, and junction temperatures, trap-related effects can induce
threshold voltage (Vry) instability, dynamic on-resistance
degradation, and long-term reliability concerns.’! In this
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context, flicker (1/f) noise is particularly sensitive to such
trap-carrier interactions and has therefore been widely em-
ployed as a nondestructive electrical probe of trap genera-
tion, trapping dynamics, and material/device quality in GaN
HEMTSs. 810121 For example, stress-induced changes in 1/f
noise, combined with electroluminescence characterization,
have been employed to identify progressive trap generation in
OFF-state-stressed AlGaN/GaN HEMTs, and noise-extracted
trap parameters have shown consistency with independent ma-

10.31 Beyond trap identifi-

terial characterization techniques. !
cation, 1/f noise measurements have also been used to extract
transport-related parameters such as parasitic series resistance,
indicating that noise characteristics contain information on
carrier transport paths and device electrostatics.!'* Moreover,
the correlation between 1/f noise and conventional electrical
parameters, such as Vy instability and dynamic on-resistance
degradation, has been investigated to clarify how trap dynam-

[15-19] Together, these findings es-

ics affect device stability.
tablish 1/ f noise as a powerful diagnostic tool for probing the
microscopic fluctuation processes that are closely linked to de-
vice stability and reliability.

Despite decades of investigation into the 1/f noise, its
exact physical origins are still unclear in most systems, and

the debate over the origin of 1/f noise remains unresolved.
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The Hooge model associates 1/f noise with carrier-mobility
fluctuations (CMF), 2! whereas the McWhorter model relates
it to carrier-number fluctuations (CNF) arising from trapping
and detrapping.>”! Wong’s review notes that different elec-
tronic devices can exhibit similar 1/f spectra despite dis-
tinct physical origins,!?°! and that classical models such as
those of Hooge and McWhorter are applicable only under spe-
cific conditions. This device dependence is also evident in
GaN technologies: studies of AlIGaN/GaN FinFETs and pla-
nar HEMTs show that the temperature dependence and domi-
nant defect contributions to 1/f noise vary with device geom-

21.22] Therefore, the quantita-

etry and interface configuration. !
tive applicability of a physical noise model established for one
GaN HEMT architecture to another should be carefully evalu-
ated by considering the device-specific electrostatics, charge-
control relationship, carrier transport, and trap-carrier inter-
actions. For p-GaN gate AlGaN/GaN HEMTs, 1/f noise
is generally attributed to a combination of CNF and CMF.
CNF originates from the random capture and emission of
2DEQG carriers by traps, whereas CMF arises from fluctuations
in carrier-scattering strength.[>3] These two mechanisms are
not necessarily independent, because a change in trap occu-
pancy can simultaneously perturb the local carrier density and
modify the carrier mobility through Coulomb scattering. >l
Their relative contributions therefore evolve continuously with
gate bias Vgs. At low 2DEG density, the electrostatic mod-
ulation of the channel charge becomes dominant, and the
normalized drain-current noise (Sjq /I]%S) exhibits a depen-

2 1101 Here; S;q denotes the noise

dence related to (gm/Ips)
power spectral density (PSD) of the drain-current fluctua-
tion 8Ipg, with units of A2/Hz, while Ipg is the correspond-
ing DC drain current and gy, is the transconductance. Ac-
cordingly, Siq /11235’ with units of Hz™ !, represents the mean-
square drain-current fluctuation per unit bandwidth normal-
ized to the square of the DC current.['%201 As the 2DEG den-
sity increases, the relative influence of CMF becomes more
significant, leading to deviations from the conventional CNF
scaling.!"?] Most existing analytical models treat CNF and
CMF as separate fluctuation sources and therefore cannot fully
describe this bias- and temperature-dependent redistribution of

[10.12.25.26] A ynified framework that ac-

the two contributions.
counts for their correlated origin is consequently required to
describe the transition between different fluctuation regimes
in p-GaN gate HEMTs, thereby linking the experimentally
observed noise evolution to specific trap-induced fluctuation
mechanisms and providing physical guidance for low-noise
operation optimization in normally-off GaN power devices.
In this work, a temperature-dependent 1/ f noise model is
developed for p-GaN gate AlIGaN/GaN HEMTs by coupling
trap-induced CNF and CMF. A dimensionless fluctuation-
weighting factor is introduced to describe the relative weight-

ing between the two fluctuation channels. Based on this factor,
three operating regimes are derived, corresponding to CNF-
dominated, coupled CNF-CMF, and CMF-dominated behav-
ior. Measurements performed from 300 K to 420 K are used
to evaluate the proposed model and identify the transition be-
tween different fluctuation regimes.

2. Flicker noise modeling

The measured 1/ f noise is commonly deseribed using the

generalized relation!?”!

Sia _ On
2, Y7 ey
where oy is the Hooge parameter, N is the total number of
channel carriers, f is the frequency, and v is the spectral expo-
nent. Equation (1) describes the dependence of Siq/ IIZ)S on the
carrier population and frequency.

In_p-GaN gate AlGaN/GaN HEMTs, &Ips originates
from the random occupation fluctuation of charged traps
(8N7).1?°1 This single microscopic perturbation affects the
channel through two correlated response channels. First, the
trapped charge electrostatically perturbs the local 2DEG den-
sity, producing CNF. Second, the same charged trap modifies
Coulomb scattering and thus perturbs the carrier mobility, pro-
ducing CMF. Therefore, CNF and CMF should not be treated
as two independent noise sources. Instead, they are two corre-
lated responses driven by the same stochastic trap-occupation

[28,29

event. 1 Under this framework, 8Ipg can be rewritten as a

single-variable mapping:

0lps _ Oy (x) n one (x)
Ips Hn (x) ne (x)
R
- (n () " HHn (x)) ot @

where nc(x) is the local 2DEG density, uy(x) is the elec-
tron mobility, x is the channel position measured from the
source side, R is the electrostatic coupling coefficient between
the fluctuating trapped charge and the 2DEG, and « is the
mobility-scattering coefficient associated with trap-induced
Coulomb scattering. Therefore, in Eq. (2), R/n. represents the
CNF-related fluctuation amplitude, whereas i, represents
the CMF-related fluctuation amplitude. Their relative impor-
tance is therefore controlled by the carrier-density-dependent
ratio alyne/R. This ratio provides the physical basis for the
following regional analysis. When n is small, R/n is large,
and CNF dominates. As n. increases, the electrostatic pertur-
bation is screened, R/n. decreases, and the CMF contribution
becomes increasingly important.

According to the distributed trap-relaxation derivation in
Appendix B, the corresponding local current-fluctuation spec-
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trum is
S SIps \ >
Ssia (x, f) = 75;,1(]) <5]$TS>
kTNt (Er,T) [ R 2
- WLZA/[f’y (nc (X) +aﬂn ('x)> 9 (3)

where Sgn is the trap-occupation noise spectrum as expressed
in (B4), k is Boltzmann’s constant, 7 is the temperature in
Kelvin, NT (EF,
mal energy window around the local Fermi level Eg, A is the

T) is the effective trap density within the ther-

tunneling parameter, W is the device width, and L is the chan-
nel length. To distinguish the relative contributions of CNF
and CMF, a dimensionless fluctuation-weighting factor is de-
fined as

rxT) = (1+0‘““(’2”°(x))2

QU (¥) 1 (%) i (aﬂn (x) ne

=1+2
+ R R

(X)>2. @

Using current continuity dx = (gn u,W /Ips)dV., where g is
the elementary charge, and V; is the local channel potential,
the total Sjq can be obtained by integrating the local contribu-
tion along the channel:

KT I3 R 2
Nr (E o d
/LWszY/ v (. T (m()+ “““) )
_ kTqlps /VDM UnR?
MLAfT o

where Vpg e 1S the effective potential drop across the gated

Sia (f) =

Nt (Ep,T)T (x,T)dVey (5)

ne

channel. According to Eq. (5), the 1/f noise is jointly gov-
erned by trap occupation,!!'1.2DEG charge control,?"! car-
rier mobility,!>! and the relative weighting between CNF and
CMF.1?8! In addition, temperature can simultaneously mod-
ify several quantities in Eq. (5), including the trap occupa-
tion distribution, the channel carrier mobility, the 2DEG den-
sity, and the relaxation-time distribution determining y. There-
fore, temperature affects not only the overall noise amplitude,
but also the apparent transition between different fluctuation
regimes. To obtain explicit analytical expressions, the differ-
ential relationship between the local channel charge and chan-
nel potential is written as

gdn, = —CpdVg, (6)

where Cop is the effective channel-averaged differential gate-
to-2DEG capacitance. Substituting Eq. (6) into Eq. (5), the
resulting Siq is

ng ‘LLHRZ

Sia(f) = So / I (x,T)dne, )

kT Insg*Nr(Eg, T) / (MCapL? f7), ns = nc(x = 0),
and np = n¢(x = L) are the source- and drain-side carrier den-

p T

where Sy =

sities, respectively. Equation (7) represents a unified stochas-
tic transport expression for the 1/f noise under arbitrary bias

conditions. Based on the density of 2DEG, the subsequent
regional expressions are derived by systematically expanding

Eq. (7).

2.1. Low-2DEG region

In the low-2DEG region (near-threshold operating
ranges), Vs is relatively small and only a weak 2DEG channel
is formed. The channel carrier density n. remains extremely
low. Therefore, a small trap-occupation fluctuation produces a
large fractional perturbation in the local catrier density. Math-
ematically, this corresponds to oppn./R <1 (equivalently
R/n¢ > auy,). Then Eq. (4) becomes I" = | and Eq. (7) re-
duces to

Sia (f) = SopaR’ In (ns> : (®)
np

Equation (8) indicates that the 1/ f noise in the low-2DEG re-
gion is primarily controlled by the inverse dependence of the
CNF amplitude on the local 2DEG density. Since the drain-
side carrier density np is generally lower than the source-side
density ng, the drain-side channel is more sensitive to trap-
induced electrostatic modulation. As the effective gate voltage
Vot = Vs — VrH increases, both ng and np increase, which
reduces the relative CNF. Nevertheless, R/n. remains larger
than the CMF-related term o, throughout this region. Con-
sequently, the 1/f noise decreases with increasing Vgr, and
the dominant noise mechanism remains CNF.

The corresponding oy in this region can be expressed as

o = QoaR In (ZZ) : ©)
where aa10 = kT ¢*Nr(Er, T)/(MCapligL?). This expression
shows that ayg should decrease as the 2DEG density increases,
because the same trap-occupation event produces a smaller
fractional carrier-number perturbation in a denser channel.

2.2. Moderate-2DEG region

In the moderate-2DEG region, increasing Vgt produces a
substantial rise in the 2DEG density. Consequently, the CNF
amplitude R/n. decreases, whereas the relative influence of
the CMF amplitude oy, becomes more pronounced. The
two local fluctuation amplitudes become comparable when
Oy =~ R/nc. In this regime, neither CNF nor CMF can be
neglected. Therefore, the CNF self term, the correlated CNF—
CMEF cross term, and the CMF self term must all be retained:

Sia(f) = So/ (“;‘l +2apR+nea ui) dnc
D C

n

=5 |:[,LHR2111 ( ) —I—ZOC[,LHR(ns —nD)

i (#-13) | (10)
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The three terms in Eq. (10) are the channel-integrated com-
Near the
lower boundary of the moderate-2DEG region (R/n; > Qlly),

ponents of a single correlated fluctuation process.

the CNF-associated term provides the principal contribution.

As Vgr increases, the cross term and the CMF-associated term

gain increasing relative importance. The condition R/n. =

oy, indicates that the two local fluctuation amplitudes are of

the same order and defines the local CNF-CMF crossover.
The corresponding oy is

oy = OHo [unRzln (n >+2(xun ( s—nD)

2
+O‘2"‘S(n§—n%)] (11
Equation (11) provides a direct way to compare the model
with the measured og. In particular, the minimum of oy is
expected to appear near the bias point where the CNF-related
amplitude and the CMF-related amplitude become compara-
ble (ottnne /R == 1).

2.3. Strong-2DEG region
At sufficiently high Vg, the 2DEG density becomes large

and the electrostatic perturbation induced by trap occupation is
effectively screened. In this case, alyne/R > 1 (equivalently
R/n. < auy,) and the dimensionless fluctuation-weighting
(attanc/R)?
dition, the CNF-associated and cross terms in Eq. (10) become

factor reducesto I ~ . Under this asymptotic con-
small relative to the CMF-associated term. Therefore, Siq in
the strong-2DEG region can be expressed as

oy’ (n% - n%)

Sia (f) = So 5

(12)

In this region, further increase in Vgt only weakly modi-
fies the channel charge because the differential charge re-
sponse decreases at high 2DEG density. Meanwhile, mobility
degradation associated with enhanced Coulomb scattering be-
comes increasingly relevant. The weak increase of the charge-
dependent factor and the reduction of , partially compensate
each other, leading to a much weaker Vgt dependence of the
measured noise.
The corresponding oy is

au} (ng —n%)
ot = o ———5——- (13)

Equations (8)—(13) will be evaluated in Section 3 through di-
rect comparisons between the calculated and measured noise
characteristics over different frequencies, gate biases, and tem-
peratures, together with the extracted og. These complemen-
tary comparisons examine both the predictive capability of the
model for the experimentally observed noise evolution and its
physical description of the CNF-CMF transition. Therefore,

the three-regime analysis not only describes the bias depen-
dence of 1/f noise but also provides a practical method for
identifying the dominant fluctuation mechanism and locating
the CNF-CMF transition boundary.

3. Experimental results and discussion

The device under test (DUT) is the investigated p-GaN
gate AIGaN/GaN HEMT. A simplified schematic of the device
structure is shown in Fig. 1(a), together with the corresponding
scanning electron microscopy (SEM) images-in Fig. 1(c). Fig-
ure 1(b) shows the measured transfer characteristics at 300 K,
together with the extracted Vry from 300 K to 420 K in the in-
set, providing the basic electrical characteristics for determin-
ing the gate-bias conditions used in the subsequent noise anal-
ysis. The experimental setup for the 1/f noise characteriza-
tion is shown in Fig.'1(d). The DUT is mounted in a Keysight
16442B test fixture and connected to a Primarius FS-Pro semi-
conductor parameter analyzer, which integrates high-precision
DC -V characterization, high-speed time-domain signal ac-
quisition, and 1/ f noise measurement capabilities in the same
system. The gate and drain terminals are biased by the source-
measurement units of the analyzer to establish the required
Vs and Vpg, while the corresponding Ipg is simultaneously
monitored. After the electrical response and device temper-
ature reach steady state at each operating condition, dIps is
acquired and analyzed using the integrated 1/f noise mea-
surement function, from which S;q is obtained as a function
of frequency.3%! The noise measurements are performed over
a frequency range of 1 Hz—100 kHz and a temperature range of
300420 K after electrical and thermal steady state is reached
at each bias and temperature condition.

T=300 K 150
Gate D Vs =0.05V ¥\ o5
1.90
S 100
p-GaN  AlGaN s /’/‘) z
=]
1.80 s
GaN buffer | s
Temperature (K)
(@) (b)
Si substrate 0

Prlmanus
FS Pro
(©) 1_

Fig. 1. (a) Simplified schematic of the investigated p-GaN gate Al-
GaN/GaN HEMT structure. (b) Measured Ips—Vgs and gm—Vgs char-
acteristics. Inset: extracted Vpy as a function of temperature. (c) SEM
images of the tested p-GaN gate HEMT. (d) Experimental setup for 1/ f
noise measurements using the Primarius FS-Pro semiconductor param-
eter analyzer and Keysight 16442B test fixture. The system provides
a noise measurement bandwidth up to 100 kHz in the high-precision
mode, with a minimum noise PSD resolution of 2 x 1028 A%2/Hz and a
frequency resolution of 1 mHz.3%!
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The experimental discussion is organized as follows.
First, the coexistence of CNF and CMF is examined by com-
paring Sjq under different drain biases. Second, the frequency-
and gate-bias-dependent normalized noise characteristics are
used to show how the overall fluctuation amplitude evolves as
the channel is gradually turned on. Third, the Vgr-dependent
scaling of Siq/ 112)s is used to identify the three regimes pre-
dicted in Section 2. Finally, the extracted Hooge parameter is
compared with the analytical expressions (9), (11), and (13),
providing a quantitative indicator of the CNF-CMF transition
boundary.

4. Bias-dependent noise characteristics

Figure 2 compares Sig under different Vpg biases in the
low- and moderate-2DEG regions. In the low-2DEG region
(Vgs = 1.4 V < Vty), Sig decreases monotonically with in-
creasing Vps as shown in Fig. 2(a). In contrast, as shown in
Fig. 2(b), when the device operates in the moderate-2DEG re-
gion (Vgs = 2.6 V), the dependence of Sijg on Vps becomes
non-monotonic. A distinct maximum appears as the channel
potential and local 2DEG density are redistributed along the
channel. This non-monotonic behavior cannot be fully ex-
plained by the low-density CNF asymptote alone. Accord-
ing to Eq. (10), it arises because the CNF term, the correlated
CNF-CMF cross term, and the CMF term contribute simulta-
neously in the moderate-2DEG region. Therefore, Fig. 2 indi-
cates that CNF and CMF coexist and that their relative weights
evolve with bias.

(a) 10 19 Vbs (V)
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Fig. 2. Drain-current noise power spectral density (Sjq) measured at room
temperature (300 K). (a) Low-2DEG region (Vgs = 1.4 V) for Vpg ranging
from 0.01 V to 0.20 V in steps of 0.01 V. In this region, Sjq decreases mono-
tonically with increasing Vps. (b) Moderate-2DEG region (Vgs = 2.6 V) for
Vps ranging from 0.01 V to 0.86 V in steps of 0.05 V. In this region, Siq does
not exhibit a monotonic dependence on Vpg. The minimum Sjq is observed at
Vps = 0.01 V and the maximum at Vpg = 0.66 V.
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Fig. 3. (a) Normalized drain-current noise power spectral density
(Sia/ 11233) as a function of frequency for Vg ranging from 0.5 Vto 4.1 V
in steps of 0.2 V at 300 K. As Vs increases, the magnitude of Sig /11233
decreases monotonically and eventually stabilizes. (b) Comparison of
measured (symbols) and calculated (dashed lines) Siq/ 11235 for Vs rang-
ing from 0.5 V to 4.1 V in steps of 0.4 V. The experimental data in (b)
are taken from (a).

To examine how the noise evolves with gate bias, Fig. 3(a)
presents the normalized noise Sjq /11238 as a function of fre-
quency for Vgs ranging from 0.5 V to 4.1 V at 300 K, and
Fig. 3(b) compares the measured and calculated Siq/ 112)S at dif-
ferent Vgs. Good agreement is obtained over the measured
frequency and gate-bias ranges. In particular, the calculated
spectra reproduce both the frequency dependence of Sig /I]%S
at each gate bias and its systematic reduction with increasing
Vs, indicating that the proposed model captures the coupled
frequency- and bias-dependent evolution of the normalized
noise. The magnitude of S/ I]%S decreases monotonically with
increasing Vs and eventually stabilizes at high gate biases.
This trend reflects the progressive reduction of the relative cur-
rent fluctuation as the channel is turned on and the 2DEG den-
sity increases. More specifically, the measured curves can be
divided into three gate-bias ranges. For Vgs = 0.5-1.3 V, the
device remains in the off-state (Vg is approximately 1.78 V at
300 K, as shown in Fig. 1(b)). In this range, the drain current
Ips is extremely small, leading to a large Siq /Ilz)s. When Vgs
increases to 1.5-1.9'V, Siq/ I]%S decreases rapidly with increas-
ing Vgs. As Vgs further increases to 2.1-4.1 V, the normal-
ized noise becomes much lower and varies only weakly with
further increase in Vg, indicating that the relative fluctuation
amplitude is gradually suppressed in the high-density channel.
It is also noted that the spectra within each gate-bias range re-
main close to each other, and their frequency dependences are
similar over the measured bias range. This indicates that in-
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creasing Vgs mainly changes the magnitude of the normalized
noise without introducing an additional noise component. The
simultaneous agreement in spectral shape and noise magnitude
further supports the proposed model over both the frequency
and gate-bias domains at 300 K and provides the basis for its
subsequent temperature-dependent evaluation.

5. Temperature-dependent noise characteristics

To examine the temperature dependence of 1/f noise,
Fig. 4 compares the measured and calculated Sig at Vgs =
2.6 V over the temperature range from 300 K to 420 K.
As shown in Fig. 4, the model reproduces the temperature-
dependent evolution of Sjq magnitude from 300 K to 420 K,
supporting the temperature dependences incorporated through
the effective trap occupation, mobility, and channel-charge
terms in Eq. (5). Together with Fig. 3(b), these comparisons
validate the model over gate-bias, frequency, and temperature
domains.

10712
10714
10716

10718

Sid (AZ/HZ)

1020

10722 RNy, } .

T=340 K 0 T'=400 K g 45:4/10

10_24 o T:3I6(J K O.T:42O.K .

10 10" 10> 10° 0% 10°
Frequency (Hz)

Fig. 4. Measured (symbols) and calculated (dashed lines) drain-current
noise power spectral density (Sjg) measured at Vgs = 2.6 V over a tem-
perature range from 300 K to 420 K in steps of 20 K. Although Sj4
increases slightly with temperature, the total variation between 300 K
and 420 K remains below one order of magnitude (successive spectra
are vertically shifted by the indicated factors for clarity).

To further relate the gate-bias-dependent trend to the
underlying fluctuation mechanism, Fig. 5 presents Sid/I]%S
as a-function of Ing at 25 Hz and 100 Hz over the tem-
perature range from 300 K to 420 K. Within the CNF
framework, trapping and detrapping events perturb the chan-
nel electrostatics and can be represented by an equivalent
gate-voltage fluctuation.!'”! Since the resulting Slpg satis-
fies 6Ips = gmOVgs, the normalized noise follows Sig /11235 o<
(gm/Ips)*Sva.'®?8 where Syg denotes the equivalent input-
referred voltage-noise PSD. The (gm/Ips)? dependence there-
fore provides a conventional reference for evaluating the
CNF contribution: agreement with this scaling is consistent
with CNF-controlled fluctuations, whereas a systematic depar-
ture suggests that additional fluctuation contributions become
involved.[1%201 A5 shown in Fig. 5, two distinct behaviors can
be identified. In the low-current region (Ips < 0.01 A), the
normalized noise approximately follows the (g /Ips)? trend

(solid curves in Fig. 5), indicating a substantial CNF con-
tribution at low channel density, consistent with the CNF-
dominated limit of Eq. (8). (101 At higher current levels (Ips >
0.01 A), systematic deviations from the (g /Ips)? trend ap-
pear. Such a deviation indicates that CNF alone is no longer
sufficient to describe the measured noise and is consistent with
the transition predicted by the proposed model. According to
Eq. (10), the noise in the moderate- and strong-2DEG regions
contains not only the CNF term but also the correlated CNF—
CMF cross term and the CMF term.?® Inraddition, the nor-
malized noise shows an overall decreasing trend with increas-
ing temperature, indicating that the relative current fluctuation
is gradually suppressed at elevated temperatures.

1077
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N 107
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5 10710
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107 10 103 1072 107!
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Fig. 5. Normalized drain-current noise power spectral density (Siq/ l%s)
as a function of drain current (Ips) over a temperature range from 300 K
to 420 K in steps of 20 K at (a) 25 Hz and (b) 100 Hz. The noise power
density decreases monotonically with increasing temperature. The solid
curves indicate the corresponding (gm /Ips )? trends. Deviations become
more evident in the high-current region. At 25 Hz, Sig /112)S varies more
uniformly with temperature than that at 100 Hz. At 100 Hz, in the tem-
perature range from 380 K to 420 K, Siq/ 1[2)5 remains almost unchanged
with temperature.

Figure 6 further examines the temperature dependence of
Sid/I]%s at fixed gate biases from Vgs = 1.5 V to 4.2 V. At
low Vs, especially from 1.5 V to 1.9 V, the normalized noise
decreases markedly as temperature increases from 300 K to
380 K. Above 380 K, the temperature dependence becomes
weaker. As Vs increases, both the magnitude and temperature
sensitivity of Sig /I]%S are reduced. At sufficiently high Vs,
the normalized noise becomes nearly temperature independent
over the measured range, which is consistent with the stabi-
lized Siq/ 112)S at high gate biases in Fig. 3. According to Eq. (4),
this occurs because the high-density 2DEG screens the elec-
trostatic perturbation associated with CNF, while the relative
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importance of CMF increases. Overall, Fig. 6 indicates that
temperature has a stronger effect in the CNF-dominated weak-
channel regime and a weaker effect in the CMF-influenced
high-density regime.
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Fig. 6. Normalized drain-current noise power spectral density (Siq/ 11233)
as a function of temperature for Vgg ranging from 1.5 V to 4.2 V at
(a) 25 Hz and (b) 100 Hz. At lower Vgs (1.5 Vto 1.9 V), Sid/ll%s ex-
hibits a pronounced decreasing trend with increasing temperature from
300 K to 380 K. Beyond 380 K, the normalized noise power becomes
largely stable and shows little further temperature dependence. As Vgs
increases, the magnitude of Sig /1]%,S decreases, and its decreasing trend
over the 300-380 K range gradually weakens. For large Vs (beyond
3.8 V), the normalized noise power almost remains constant across the
entire measured temperature range.

6. Noise behavior in three regimes

Figure 7 presents Sig /I]%S as a function of Vgr. Based
on the different power-law dependence,3!*?! the measured
curves can be divided into three regimes, consistent with the
model derived in Section 2. In the low-2DEG region (0.01 V <
Vot < 0:14'V), the normalized noise exhibits a weak power-
law dependence, approximately V(;T()'S at 300 K and VaT()'z at
420 K. The relatively weak slope indicates that, although CNF
dominates in this region, the available 2DEG density is still
limited and the effective channel is strongly influenced by
near-threshold electrostatics. In the moderate-2DEG region
(0.14 V < Vgr < 0.67 V), the gate dependence becomes sig-
nificantly stronger, with the exponent varying from approxi-
mately —3 at 300 K to —1 at 420 K. As shown in Eq. (10),
the moderate-2DEG region contains three terms with differ-
ent dependences on ng, np, and u,: the CNF term, the cor-
related CNF-CMF cross term, and the CMF term. As Vgr
increases, the relative weights of these terms change rapidly.
This redistribution produces the steep apparent power-law de-
pendence observed in Fig. 7. In the strong-2DEG regime
Vgt =2 0.67 V), Siq /I]%S becomes nearly independent of Vg,

indicating that further increases in channel charge density
no longer significantly affect the fluctuation strength due to
screening of electrostatic noise and the increasing dominance
of CMF. Overall, these three regimes are consistent with the
analysis in Section 2, where the evolution of noise behavior is
governed by the carrier-density-dependent weighting between
CNF- and CMF-related mechanisms.

107

DR

Fig. 7. Normalized drain-current noise power spectral density (Siq/ I%S)
as a function of Vgt = Vigs — Vry over a temperature range from 300 K
to 420 K in steps of 20 K at (a) 25 Hz and (b) 100 Hz. Across the entire
measured Vgr range (0.01 V to 2.45 V), Siq /I%s decreases monoton-
ically with increasing temperature. As Vgr increases, the normalized
noise power progressively decreases and eventually stabilizes at higher
Var values. The dependence on Vgt exhibits distinct regimes, with
the corresponding power-law slopes varying systematically with tem-
perature. In the low-2DEG region (0.01 V < Vgr < 0.14 V), Sid/I]ZDS
follows approximately VgT()'S at 300 K; this dependence weakens with
rising temperature, becoming VG]QZ at 420 K. In the moderate-2DEG
region, the dependence becomes steeper, scaling as V61§ at 300 K and
as VgT' at 420 K. In the strong-2DEG (Vgt > 0.67 V), Siq /112)S remains
nearly independent of Vgt (except for Siq/ 11233 at 100 Hz and 300 K).

While Fig. 7 identifies the regime boundaries based on
power-law scaling of Sia/I3g. the extracted ayy = N - f7 -
Sia/ I]%s in Fig. 8 provides a more quantitative indicator of the
effective carrier-population-normalized noise strength. These
boundaries are therefore determined independently of oy,
while the evolution of oy provides additional physical sup-
port for the regime classification. As shown in Fig. 4, the
noise follows a 1/f dependence at 10 kHz, which means the
spectral exponent Y = 1 here. Across the entire measured Vgt
range (0.01-2.45 V), oy first decreases with Vgr, reaches a
minimum near Vgt =~ 0.67 V, and then increases. In the low-
to-moderate Vg region (0.01-0.67 V), ayg decreases as VG_T1
at 300 K, and the dependence weakens to V(;Tm at 420 K.
Notably, the minimum of o approximately coincides with
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the upper regime boundary independently identified from the
power-law scaling in Fig. 7. According to Eq. (11), this min-
imum corresponds to the bias condition where the CNF am-
plitude R/n. and the CMF amplitude oy, become compa-
rable. Therefore, the minimum of og provides an experi-
mental marker for the CNF-CMF crossover. At higher Vg,
oy increases approximately as VéT, indicating that the CMF-
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related contribution becomes increasingly important in the
strong-2DEG region. Although small temperature-dependent
shifts in the transition positions are observed, the characteris-
tic boundaries remain close to Vgt =~ 0.67 V. The good agree-
ment between the measured data and model calculation con-
firms that the proposed CNF-CMF framework captures the
bias-dependent noise behavior.
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Fig. 8. Hooge parameter ay as a function of Vor'= Vgs — Vg at (a) 300-320 K, (b) 330-350 K, (c) 360-380 K, and (d) 400420 K. The
symbols denote the experimentally values. The solid curves represent the results calculated from Egs. (9), (11), and (13), whereas the dashed
curves show the corresponding empirical fitting results. Across the entire measured Vgt range (0.01 V to 2.45 V), oy first decreases and then
increases. Overall, oy decreases with rising temperature. In the low- and moderate-Vgr region (0.01 V-0.67 V), oy follows approximately
VC# at 300 K; this dependence weakens with rising temperature, becoming VG’{” at 420 K. In the high-VgT (beyond 0.67 V), ay follows

approximately VGIT for all temperatures.

7. Conclusion

A temperature-dependent 1/f noise model is developed
for p-GaN gate AlIGaN/GaN HEMTs by treating trap-induced
CNF and CMF as two correlated response channels driven
by the same trap-occupation fluctuation. A dimensionless
fluctuation-weighting factor is introduced to quantify the rela-
tive weighting between CNF and CMEF, thereby describing the
continuous transition from CNF-dominated behavior to CMF-
dominated behavior as the 2DEG density increases. Based
on this factor, three analytical regimes are derived, corre-
sponding to the low-, moderate-, and strong-2DEG regions.
Experimental measurements from 300 K to 420 K support
the proposed model, verify the three-regime evolution of 1/f
noise, and identify the CNF-CMF transition boundary through
the non-monotonic Hooge parameter. This work provides a
unified physical interpretation of gate-bias- and temperature-
dependent 1/ f noise in p-GaN gate HEMTs and offers a basis
for trap characterization, low-noise bias optimization, and re-

liability assessment of GaN power devices.

Appendix A: 2DEG electrostatics and charge-
control formulation

For the p-GaN gate AlGaN/GaN HEMTs, when a posi-
tive gate voltage Vs is applied, the local gate-voltage balance
can be expressed as

Ves — Vi — Ve = A@sch + A@p + ¢, (Al)

where A@s., is the voltage variation across the p-GaN Schot-
tky depletion region, A@g is the voltage variation across the
AlGaN barrier, and ¢y is the quantum-confinement-related po-
tential term. For the p-GaN cap layer, the initial depletion
potential is

_ qNalg

Vo

; (A2)
2&GaN

where Ny is the Mg acceptor concentration, #q is the initial
depletion thickness, and €gan is the dielectric permittivity of
GaN. After the gate bias is applied, the additional depletion
thickness satisfies At = n./Na. The Schottky depletion poten-
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tial variation becomes

2
qNA ng 2nctqo
A =— | — .
Psch 2eean < Ni + A )

The voltage variation across the AlGaN barrier is A@g =

(A3)

q(0 — nc)d/€encan, Where o is the effective polarization
charge density, d is the AlGaN barrier thickness, and €x1GaN
is the dielectric permittivity of AlGaN. At the AIGaN/GaN
heterointerface, the 2DEG is confined in a triangular quantum
well. Considering the first two subbands, the 2DEG sheet den-

sity is expressed as
Er—Ey Er—E;
In(1
Ve >+ n( +exp Ve )}7

ne. = DVt [In (1 +exp

(A4)
where D = m*/(nh*) is the two-dimensional den-
sity of states, Ep is the Fermi level, and E; =

% (h?)2m*)' 3 (3rq*ne /266an)?> with 1 ~ 2.338 and y ~
4.008. Equation (A4) describes the evolution of the 2DEG
density as the Fermi level approaches and successively popu-
lates the confined subbands.

The drain-to-source current is described using a variable-
channel approximation:

Ips = 8eff“n¥ (Vas —Vrn) ¢ — %fpz ; (AS)
where & is the effective dielectric constant, W' is the device
width, and L is the gate (channel) length. The electron mobil-
ity Uy, is written as

_ Ho
L+piVar+ paViy'

Hn (A6)
where L is the low-field mobility, and p; and p; are mobility-
degradation coefficients.

Appendix B: Trap occupation and relaxation-
time distribution

For a single trap, the occupation fluctuation follows the
Fermi—Dirac distribution
B 1
~ 1+exp[(E —Ep)/kT]’

fr(E,T) (B1)

where E is the trap energy level. The fluctuation strength
of trap occupation is proportional to fr(E,T)[1 — fr(E,T)],
which indicates that traps close to the Fermi level contribute
most strongly to the flicker-noise process.

The trap emission time constant is expressed as

E,
7(z) = T0exp <kT> exp (2%z), (B2)

where T is the pre-exponential time constant, E; is the trap
activation energy, and z is the trap distance from the channel.

For a distributed trap ensemble, the fluctuation spectrum is ob-
tained from the superposition of Lorentzian spectra:

47
SsNT (f):/mDT (E,z) dEdz, (B3)

where @ = 271 f is the angular frequency, and Dy (E,z) is the
spatial and energetic trap distribution. For a broad distribution
of trap time constants, the superposed Lorentzian spectra ap-
proach an effective 1/f7 dependence over a finite frequency
window. The value of y can vary with frequency and temper-
ature because the active relaxation-time window depends on
trap energy, position, and occupation.

Over a finite frequency window, the integration of
Eq. (B3) over a broad distribution of trap energies and posi-
tions can be represented by

kT
S&NT (f) = A/[kf’yNT (EF7 T) B (B4)

which is the trap-occupation spectrum used in Eq. (3).
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