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Fig. S1. (a) The rocking curve of the GaN (002) crystal plane. (b) The rocking curve of the GaN 

(102) crystal plane.
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Fig. S2. (a) The distribution of simulated electron mobility along the channel direction. (b) The 

simulated electron density distribution along the channel direction.

Fig. S2 shows the distribution of electron mobility and electron density along the channel 

direction in simulation. It can be observed that the electron mobility decreases in the position 

of the large electric field, according to the high-field saturation mobility model (Canali model). 

Moreover, due to the depletion effect of the vertical large electric field, the 2DEG concentration 

decreases from greater than 1019 cm-3 to almost non-existent electrons. Furthermore, the 

marginal reduction of 2DEG concentration under the gate electrode can be attributed to the 

Schottky contact induced electron depletion.
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Fig. S3. Schematic diagram of a differential resistance model.
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Fig. S4. The isotherm diagram of the GaN HEMT in 0-7 seconds after voltage application.
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The equivalent transformation of parameters for Foster model and Cauer model: 

The transient temperature curve of the device can be obtained by the Foster thermal 

network model and Cauer thermal network model, as shown in Fig. S5. The Foster model is 

simple in structure and easy to fit analytical formulas, while the parameters of Cauer model 

have practical physical significance. Therefore, it is important to convert the fitted Foster model 

parameters to Cauer model parameters. Since both two models represent the relationship 

between device temperature and time, the two models are mathematically equivalent. Their 

parameters can be equivalently transformed. 

Fig. S5. Schematic of the Foster and Cauer network model.

In the complex frequency domain, the total thermal impedance of Foster network model 

is the sum of the thermal impedance of each node network, which is:

𝑍(𝑠) =
𝑛

∑
𝑖 = 1

𝑅𝑖

1 + 𝑠𝑅𝑖𝐶𝑖

where Z(s) represents the total thermal impedance, and Ri and Ci represent the thermal resistance 

and heat capacity of layer i, respectively. The impedance expression of a Cauer model is:
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𝑍(𝑠) =
1

𝑠𝐶1 +
1

𝑅1 +
1

𝑠𝐶2 +
1

𝑅2 + ⋯ +
1

𝑠𝐶𝑛 +
1

𝑅𝑛

Since the Foster and Cauer model represent the same power device, the two model parameters 

can be converted into each other, and the conversion process is as follows.

Firstly, the expression of Foster model is converted to:

𝑍(𝑠) =
𝑛0 + 𝑛1𝑠 + ⋯ + 𝑛𝑁 ‒ 1𝑠𝑁 ‒ 1

𝑑0 + 𝑑1𝑠 + ⋯ + 𝑑𝑁𝑠𝑁

where the nN and dN are a linear combination of Ri and Ci of Foster model, by comparing the 

coefficients corresponding to the sN after converting. In this case, the admittance Y(s) of the 

network is 1/ Z(s). For Cauer networks, the thermal resistance Rn and heat capacity Cn need to 

be extracted from the impedance Z(s) or admittance Y(s) of the device thermal network. 

According to the Cauer network model structure diagram shown in Fig. 3 (c), a parallel heat 

capacity should first be extracted after the heat source. Assuming parameter “s” approaches 

infinity, the heat capacity can be expressed as:

𝐶1 =
1
𝑠

𝑌(𝑠) ≈
𝑑𝑁

𝑛𝑁 ‒ 1

So, we get a heat capacity C1, and then subtract this heat capacity from the total admittance 

Y(s), and we get a new admittance Y(1)(s) that eliminates the sN term:

𝑌(1)(𝑠) = 𝑌(𝑠) ‒
𝑑𝑁

𝑛𝑁 ‒ 1
𝑠 =

𝑑(1)
0 + 𝑑(1)

1 𝑠 + ⋯ + 𝑑 (1)
𝑁 ‒ 1𝑠𝑁 ‒ 1

𝑛0 + 𝑛1𝑠 + ⋯ + 𝑛𝑁 ‒ 1𝑠𝑁 ‒ 1

where d(1) is coefficient of s after subtracting the sN term, using the combination of original d 

and n. The following d(i) and n(i) are represented in this way. Then, according to the new 



7

admittance Y(1)(s), a new impedance is obtained by Z(1)(s)=1/ Y(1)(s). Then we continue to 

assume that s approaches infinity, and we get the thermal resistance R1. 

𝑅1 ≈
𝑛𝑁 ‒ 1

𝑑 (1)
𝑁 ‒ 1

Continue subtracting R1 from Z(1)(s) to get a new Z(2)(s):

𝑍(2)(𝑠) = 𝑍(1)(𝑠) ‒ 𝑅1 =
𝑛(1)

0 + 𝑛(1)
1 𝑠 + ⋯ + 𝑛 (1)

𝑁 ‒ 2𝑠𝑁 ‒ 2

𝑑(1)
0 + 𝑑(1)

1 𝑠 + ⋯ + 𝑑 (1)
𝑁 ‒ 1𝑠𝑁 ‒ 1

According to the above calculation, a R1 and C1 of Cauer model are extracted, and the order of 

formula is reduced from sN-1 and sN to sN-2 and sN-1, and the thermal resistance and heat capacity 

of all Cauer networks can be obtained by continuing to deduce new Rn and Cn. At this time, Rn 

and Cn of the Cauer network are represented by the initial nN-1 and dN, while nN-1 and dN can be 

represented by Ci and Ri of the Foster network. In this way, we successfully link the thermal 

resistance and heat capacity of the Foster network and the Cauer network together and can 

convert to each other.
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Repeatability and Error Testing

Regarding the repeatability and error range, we conducted repeatability tests to verify the 

effectiveness of the piezotronic-probe strategy. Firstly, we conducted 12 repeated 

measurements on a single device, and the temperature variation is shown in Fig. S6(a). During 

these 12 measurements, the temperature decreased approximately linearly under external stress, 

and the temperature variation under the same stress was relatively small. Fig. S6(b) presents 

the statistical results of the measurements. When the lifting height was 30 μm, the average 

temperature decreased from 45.9±0.26 ℃ to 43.6±0.28 ℃. The temperature rise (ΔT) decreased 

by 12.17±0.55%. The above results effectively demonstrate the repeatability of the piezotronic-

probe strategy for individual devices.

For the repetitive results among multiple devices, we conducted multiple measurements 

on 15 devices, resulting in a total of 45 temperature variation curves. As shown in Fig. S6(c), 

the temperature of each measurement decreased approximately linearly under external stress. 

Due to the significant temperature differences between the devices, we conducted a statistical 

analysis on the decreasing ratio of the temperature rise (ΔT), as shown in Fig. S6(d). When the 

lifting height was 30 μm, the average temperature decreasing ratio was s 10.28±3.76%, the 

median was 9.66%. Due to the influence of the device manufacturing process, there are 

temperature differences between the devices, but there is still a noticeable temperature 

reduction. The temperature reduction trend of each device is similar, and the temperature 

reduction curves are approximately parallel from Fig. S6(c). This proves the effectiveness of 

the repetition between the devices.
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Fig. S6. (a) The results of 12 temperature measurements for a single device under different 

external stresses. (b) The statistical results of 12 temperature measurements of a single device 

under different external stresses. (c) The temperature changes of 15 devices were measured 

multiple times under different external stress conditions. (d) The statistical results of 

temperature reduction obtained from multiple measurements of 15 devices under different 

external stresses.
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Fig. S7. The isotherm diagram of the GaN HEMT at different lifting heights. The temperature 

range and the represented colors of the four isotherms are consistent. It can be observed that as 

the lifting height increases, the temperature of the device decreases, and the diffusion area of 

temperature decreases.
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Fig. S8. The distribution of σxx along the channel direction at different lifting heights.
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Fig. S9. Raman spectra with the lifting height of 0 - 30 μm.
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Theoretical analysis

As illustrated in Fig. 6(b), external stress effectively modulates the depth of the triangular 

potential well at the heterointerface, which originates from the total polarization reduction 

induced by piezoelectric polarization change under external stress. The variation of the 

polarization vector component with the applied stress is as follows1,2: 

[𝑃𝑥
𝑃𝑦
𝑃𝑧

] = [𝑃𝑠𝑝
𝑥

𝑃𝑠𝑝
𝑦

𝑃𝑠𝑝
𝑧

] + [𝑑11 𝑑12 𝑑13
𝑑21 𝑑22 𝑑23
𝑑31 𝑑32 𝑑33

][𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑧𝑧

]
where the  and  is total polarization and spontaneous polarization,  is the piezoelectric 𝑃𝛼 Psp

α dij

coefficients and  is the stress, and α represent x, y and z directions. σαα

The decrease in polarization intensity leads to the reduction in electron density, which can 

be obtained from the following formula: , where qPE is polarization charge density,  qPE =- ∇ ∙ P⃗

 is total polarization vector, and it can be converted into a 2DEG concentration (σ2DEG). P⃗

Furthermore, the electrical characteristics of the device were simulated. The change rules 

of output, transfer characteristics and threshold voltage are consistent with the experimental 

results. This is mainly caused by the change in the 2DEG concentration, which can be obtained 

by the following model. Considering the one-dimensional simplified model, according to the 

current density equation, the source-drain current (IDS) of 2DEG channel is3:
𝐼𝐷𝑆 = 𝑒𝑊𝑣(𝑥)𝜎2𝐷𝐸𝐺(𝑥)

where W is gate width,  is the electron velocity along the channel and  is the v(x) σ2DEG

concentration of 2DEG. The most simplified approximation of electron velocity is given in a 

two-stage model as follows3:

𝑣(𝐹) = {𝜇𝐹,  𝐹 < 𝐹𝑠
𝑣𝑠,  𝐹 ≥ 𝐹𝑠 �

μ is electron mobility, F is electric field and , Fs represents the electric field at 
F(x) =

dU(x)
dx

which electron velocity saturates, vs is saturation electron velocity and U is electric potential. 

Finally, the simulation was conducted to compare the device temperature under external stress. 

The results indicate that the application of external stress leads to a decrease in device 

temperature, as illustrated in Fig. 6(f). For power devices, the maximum junction temperature 

can be calculated by4–6: 
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∆𝑇 = 𝑇𝑗 ‒ 𝑇𝑎 = 𝑃 ∙  ∑
𝑖

𝑅𝑡ℎ𝑖

where ΔT, Tj and Ta are the rising temperature, the maximum junction temperature and the 

ambient temperature, P is thermal dissipation power of device and Rthi is the thermal resistance 

of the i-th thermal path, which can be obtained from the transient thermal test described in the 

above of this study. Summing the Rthi obtains the equivalent thermal resistance of the device 

from the maximum junction temperature position to the external environment. Combining the 

current calculations of the above, we can get the following formula:

𝑇𝑗 = 𝑇𝑎 + 𝑒𝑊𝑣(𝑥)𝜎2𝐷𝐸𝐺(𝑥)𝑈 ∙ ∑
𝑖

𝑅𝑡ℎ𝑖

This formula reveals that device temperature can be effectively modulated via piezoelectric 

polarization as a bridging parameter. In addition, factors such as the source-drain voltage, gate 

width, electron saturation velocity, and device thermal resistance also play significant roles in 

influencing the device temperature. Herein, in the formula delineated above for calculating the 

thermal effects, the variation of the 2DEG concentration is attributed to the alteration of 

piezoelectric polarization field according to piezotronic effect, meanwhile, the electron 

saturation velocity and voltage distribution is related to electrical-field characteristics of device. 

Therefore, this formula successfully integrates piezotronics with electrothermal models to 

construct a piezoelectric-electric-thermal coupling model. This model provides theoretical 

foundation for our piezotronic-probe strategy, whereby the piezotronic-probe approach 

modulates the device's polarization field through external stress fields, subsequently regulating 

the thermal field via the 2DEG as a medium. Furthermore, this model elucidates the intricate 

piezoelectric-electric-thermal coupling interactions within the device, offering crucial guidance 

for performance optimization and development of advanced thermal management strategies.
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