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Abstract 
A simple analytical expression for the standard deviation of 

channel noise for Au-AlxGa1-xAs/GaAs heterostructure field-effect 

transistors (HFETs) is developed based on Monte-Carlo formulation of 

field-dependent mobility and a linear charge control model. In addition 

of this expression is explicit function of HFETs geometry parameters and 

biasing conditions, it estimates the noise performance with respect to the 

composition mole fraction (x) and doping concentration (Nd) and hence 

is very useful for HFET-based devices design and optimization purposes. 

A simulation of channel noise with respect to biasing conditions, 

composition mole fraction and doping concentration is performed. The 

simulation shows the decreasing of noise at high doping concentration 

and that the noise increases slightly with and seems to be independent of 

composition mole fraction at certain biasing conditions. 
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I. INTRODUCTION 
Structures such as heterojunction field-effect transistors (HFETs) have an 

increasing importance for low-noise amplifiers applications remarkably at (1-

10) GHz frequency range [1]. 

Despite its importance, little data is available on the dependent of HFETs 

channel noise, and hence its noise parameters, on some important device 

parameters such as mole fraction (x) and doping concentration (Nd). This data 

can be applied in design and optimization purposes for HFETs-based devices. 

Wu and Van der Ziel [2] and Brookes [3] proposed analytical noise 

models that take into account only the thermal noise in the channel. Cappy et 
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al. [4] proposed a numerical noise model that takes into account non-

stationary electron-dynamic effects and explains the results of noise figure 

measurement. Anwar et al. [5] have reported a noise model for AlxGa1-

xAs/GaAs HFETs which is based on the self-consistent solution of 

Schrödinger and Poisson’s equations. Asgaran et al. [6] have been developed 

and experimentally verified simple analytical expressions for MOSFETs 

noise parameters. The expressions which are based on analytical modeling of 

MOSFETs channel noise are explicit functions of MOSFETs geometry and 

biasing conditions only. 

Unfortunately, none of these models takes into account the channel noise 

dependent on x and Nd. The study of channel noise is important in predicting 

the noise performance of heterostructure devices which characterized by four 

noise parameters, i.e., the minimum noise figure, equivalent noise resistance, 

optimum source resistance, and optimum source reactance. 

Because the charge control of MOSFETs and HFETs are very much alike 

[8], we present a general model as an endeavor to relate the channel noise for 

Au-AlxGa1-xAs/GaAs HFETs to x and Nd based on the analytical expressions 

developed by [6] for the charge control and the Monte-Carlo formulation of 

the field-dependent mobility for AlxGa1-xAs/GaAs in [9] and [7]. 

 

 

 

II. 2DEG CHARACTERISTICS 
The simple construction of HFETs is shown in Fig.(1). Two 

characteristics control the behaviour of the two-dimensional electron gas 

(2DEG) inside the channel which represents the channel charge in 

heterojunction they are the charge control and the carrier velocity. 

 

Fig.(1) Simple construction of heterostructure field-effect transistor 

(HFET). Thicknesses of the doped and undoped (spacer) AlxGa1-

xAs layers are dd and di, respectively. 
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A. Charge Control 
According to the charge control model in [10], the channel charge per 

unit area can be expressed as a function of the position (z) along the channel 

as 

 

))(()( zVVCzQ GTox   … (1) 

 

where Cox is gate capacitance per unit area, α is the bulk-charge effect 

coefficient (for most AlxGa1-xAs/GaAs α=1.2 [10]), V(z) is the source 

referenced quasi-Fermi potential that varies along the channel from 0 at the 

source side to VD at the drain side, VD is the drain-to-source bias voltage. 

VGT (=VG-Vth) is the turn-on voltage where VG is the gate-to-source bias 

voltage, and Vth is the threshold voltage. A commonly used equation for Vth 

is 
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where ε and d are the permittivity and thickness of the electron supply layer 

with a wider band-gap energy, respectively, q is the electron charge, φB is the 

barrier height of the of the Schotky-gate, ΔEc is the conduction band 

discontinuity at heterojunction, EFo is the equilibrium Fermi-potential, Nd is 

the doping concentration in the electron supply layer, dd is the thickness of 

doped wider band-gap layer, and di is the spacer layer thickness. 

ε, ΔEc, and φB are all functions of x with approximations in [11]. 

According to these approximations the threshold voltage in (2) is a dependent 

of x as well as Nd. Fig.(2) shows the variation of Vth in wide range of Nd with 

x as parameter. 

The gate capacitance per unit area (Cox) defined in [12] as 
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where Δd is the corresponding offset distance of the 2DEG from the 

heterointerface. Ignoring the non-linear dependence of the average position 

of the 2DEG channel (Δd) from heterointerface on the gate bias, Δd is 

assumed to be constant value (≈ 80 Å) depending on the lattice (a) [12]. Cox 

is a function of x because of the variation of ε with the last. 

by substituting (2) and (3) the charge control model in (1) can be 

expressed as a function of x and Nd as 
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B. Carrier Velocity 
The carrier velocity is given by a piecewise model [13] as 
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where E is the longitudinal electric field along the channel, Ec is the critical 

field (=2vsat/μeff), vsat is the saturation velocity of carriers, and μeff is the 

effective mobility that is only a function of the gate voltage. The effective 

mobility (μeff), saturation velocity (vsat), and the critical (Ec) are three 

independent parameters which determine v-E properties inside the 

heterojunction channel. These three parameters are considered to be functions 

of x and Nd of AlxGa1-xAs/GaAs heterojunction by X. Zhon and H. S. Tan [9] 

based on Monte-Carlo formulation technique. The effective (μeff) is 
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Fig.(2) Variation of threshold voltage (Vth) with doping concentration 

(Nd) for several values of  mole fraction (x). 
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where μ1, μ2, Nμ, and α are fitting parameters and assumed to be composition 

dependent. In the same manner, the saturation velocity (vsat) and the critical 

field for velocity saturation (Ec) are obtained as follows 
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The best polynomials fit these parameters are illustrated briefly in [9]. By 

substituting equations (6), (7), and (8) into (5), the carrier velocity can be 

expressed as a dependent of x and Nd (Fig.(3)). 

 

 

III. MODELLING OF CHANNEL NOISE 
We start modeling the channel noise of HFET by dividing its channel into 

two sections: the gradual and the velocity saturation regions (see Fig.(4)). It 

is assumed that most of the drain current noise of the HFET is generated in 

the gradual region, and the noise of the velocity saturation region is 

negligible. This is because of the fact that in this region, carriers travel at 

their saturation velocity and therefore they do not respond to the electric field 

caused by the voltage fluctuation in the channel [14]. 

The HFET drain current which dominated by the drift current can be 

expressed at any point (z) in the channel as [6] 

 

Fig.(3) Carriers velocity vs. longitudinal electric field with doping 

concentration (Nd) and mole fraction (x) calculated using (5).  
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),,(),,( xNzvxNzWQI dd  … (9) 

 

where W is the width of the device, Q is the channel charge per unit area and 

v is the velocity of carriers in the channel. Substitute for Q and v from 

equations (4) and (5), respectively, in (9) yields 
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As the drain-to-source voltage of the device is increased, the longitudinal 

field increases gradually along the channel until it reaches to the critical field 

somewhere near the drain. This situation is depicted in Fig.(4). The point in 

the channel where E=Ec is denoted as Lc. Substituting E=dV/dz in (10), 

integrating from 0 to z, and solving for V, one has 
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where 

 

Fig.(4) Cross section of the channel of a HFET, divided into two 

regions: (I) gradual and (II) velocity saturation regions. Lc is 

the point in the channel where the channel field E is equal to 

the critical field Ec and the velocity of carriers is equal to their 

saturation velocity vsat. 
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Using (11), E in the gradual part of the channel is obtained as 
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Since the longitudinal electric field is continuous along the channel Lc 

can be obtained by equating E to Ec as 
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It is assumed that at any point in the channel beyond Lc, carriers travel at 

their saturation velocity. 

To calculate the drain current noise, the gradual part of the channel is 

divided into small sections of length dz. Each section acts as a resistor of 

value dR, which can be obtained as 
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The current noise generated from a small section of the channel located at 

z is the product of the square of the local conductance gDS and the voltage 

noise generated from each section [14]. Therefore 
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where Δf is the range of operation frequency. The local conductance can be 

expressed in terms of the device parameters as [15] 
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where Leff is the effective channel length. 

The spectral density of the drain current noise, SiD, is the sum of the drain 

current noise generated from each section. Therefore, one can write 
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Substituting for dR and gDS from (15) and (17), respectively, and using 

(13), the drain current noise spectral density of the device is obtained as 
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It can be observed that the model presented in (19) is analytical and takes 

into account mobility degradation due to the channel electric field. Moreover, 

(19) is an explicit function of the device geometry and biasing conditions and 

for the first time to the Aluminum (Al) mole fraction (x) of AlxGa1-xAs/GaAs 

heterojunction and doping concentration (Nd). 

From (10), it is seen that at the point along the channel where the carrier 

velocity is saturated, i.e., v = vsat, the drain current, I , is equal to 
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where VDsat is the drain voltage required for saturation of currier velocity. 

Therefore 
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where Vo is defined in (12). Consequently, (19) can be simplified as 
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Fig.(7) Drain current (ID) variation with doping concentration (Nd) and 

several biasing conditions for VG at mole fraction x=0.25 and 

VD=1.5VDsat (to insure being in the saturation region). 
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Equation (23) is similar to the traditional channel noise expression, i.e., 

SiD=4kTγgdo, where gdo is the drain transconductance at VD=0 and γ is called 

the channel noise coefficient. In long-channel devices gdo=gm and γ=2/3 [16]. 

However, in the case of short-channel devices, both gdo and γ are complicated 

functions of the device parameters [17]. Therefore, although (23) looks 

similar to the traditional channel noise expression, it is much simpler in the 

case of short-channel devices. The channel noise model developed can be 

used to express analytical expressions for HFETs noise parameters, i.e., the 

minimum noise figure, equivalent noise resistance, optimum source 

resistance, and optimum source reactance. 

 

IV. RESULTS AND DISCUSSION 
The developed model is able to plot the characteristics of the HFETs 

channel noise spectral density (SiD) versus biasing conditions, mole fraction 

(x) of the wider band-gap energy material (AlxGa1-xAs), and doping 

concentration (Nd), as well as other device geometric parameters. The 

channel thermal noise performance is shown through Figs.(5-7) for a HFET 

with parameters summarized in TABLE (I). 

The channel noise spectral density (SiD) variation with gate voltage (VG) 

10-22 

10-21 

10-20 

S
iD

 (
A

2
/H

z)
 

x 

10-22 

10-21 

10-20 

Fig.(9) Channel noise spectral density (SiD) vs. mole fraction 

(x) for different values of gate voltage (VG) at 

VD=0.5VDsat (to insure being in the linear region). 

0.04 0.08 0.12 0.16 

VG=0.4 (v) 

VG=0.3 (v) 

 VG=0.2 (v) 

 

Nd=1016 (cm-3) 

0.04 0.08 0.12 0.16 

VG=0.4 (v) 

VG=0.3 (v) 

 VG=0.2 (v) 

 

Nd=1018 (cm-3) 



 

155 

 

at Nd= 10
16

 (cm
-3

) and x=0.25 for different fractions of VDsat to insure being 

in the linear region of I-V characteristics is shown in Fig.(5). This figure 

clears that SiD is forward proportional to both VG and VD. Such results are 

because of the increasing of the biasing conditions leads to raise the number 

of carriers that exposed to the random fluctuations in the electrical field of 

the channel. The increase in VG provides a wider channel that ensures the 

channel to have more capacity for larger amount of carriers. In the other hand 

the increase of VD leads to raise the electrical field across the channel then to 

faster movement and more numbers of free electrons pass through the noisy 

region inside the channel. 

However, the proportional of noise performance forwardly with biasing 

conditions is illogical if related to the gradual region shortening with bias 

rising only. To be more accurate one must takes into account the increasing 

of both electrical field fluctuations and the total number of carrier passes 

through the gradual region with bias condition rising. 

The dependence of SiD on doping concentration (Nd) is plotted in Fig.(6) 

for different values of mole fraction (x) at several biasing conditions for VG 

with VD equal to the half of VDsat. These variations show the decreasing of 

SiD at high doping concentration. However, the increasing of doping 

concentration is not a good choice to reduce the channel noise because its 

leads to decrease the drain current (I) and hence the transconductance (gm) for 

the HFET as shown in Fig.(8) and Fig.(9), respectively. 

The dependence of SiD on mole fraction (x) is plotted in Fig.(7) for 

different values of doping concentration (Nd) at several biasing conditions for 

VG, with VD equals to the half of VDsat. SiD increases slightly with mole 

fraction (x) and seems to be independent on it at certain biasing conditions. 

This independency is valid because the noise performance is a result of 

electrical fluctuations across the channel and the number of carriers to come 

under. The effect of x on noise performance is to be limited in one fact that is 

the slightly reduction of noise with increasing of x. This fact come as a result 

of slowing down the velocity of carriers across the gradual region with the 

increasing of x (Fig.(3)) and hence reduce he number of carriers to be subject 

 

TABLE (I) 

Device parameters used by the present model 
 

Parameter Value Unit 

Lg 1 μm 

W 145 μm 

di 20 Å 

dd 80 Å 

Δd 80 Å 
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to the electrical field fluctuations. 

 

 

V. CONCLUSION 
We have developed an analytical expression for the channel noise 

spectral density (SiD) of an Au-AlxGa1-xAs/GaAs heterostructure field-effect 

transistors (HFETs) that takes into account the variation of SiD with both 

Aluminium (Al) mole fraction (x) and doping concentration (Nd) based on 

linear charge-control formulation and Monte-Carlo formulation of field-

dependent mobility. The SiD-Nd and SiD-x characteristics can be expressed in 

analytical forms suitable for the analysis, predict, design, and optimization of 

digital and analogue HFET circuits. It is also very useful in studying the 

noise behaviour of HFET devices. 

 

REFERENCES 
[1] B. Claflin, E. R. Heller, and B. Wenningham, “Accurate Channel 

Temperature Measurement in GaN-based HEMT Devices and its Impact 

on Accelerated Lifetime Predictive Models,” CS MANTECH Conference, 

May 18th-21st, 2009, Tampa, Florida, USA. 

[2] E. N. Wu and A. van der Ziel, “Induced-gate thermal noise in high 

electron mobility transistors,” Solid-State Electron, vol 26, pp 639-642, 

1983. 

[3] T. M. Brookes, “The noise properties of high electron mobility 

transistors,” IEEE Trans. Electron Devices, vol ED-33, pp 52-57, 1986. 

[4] A. Cappy, A. Vanoverschelde, M. Schortgen, C. Versnaeyen, and G. 

Salmer, “Noise modeling in submicrometer-gate two-dimensional 

electron-gas field-effect transistors,” IEEE Trans. Electron Devices, vol 

ED-32, pp. 2787-2795, 1985. 

[5] A. F. M. Anwar and K.-W. Liu, “Noise properties of AlGaAs/GaAs 

MODFETs,” IEEE Trans. Electron Devices. vol. 40, pp. 1174-1 176, June 

1993. 

[6] Saman Asgaran, M. Jamal Deen, and Chih-Hung Chen, "Analytical 

Modeling of MOSFETs Channel Noise and Noise Parameters," IEEE 

Trans. Electron Devices, vol. 51, No. 12, Dec. 2004. 

[7] Claudiu AMZA, Ovidiu-George PROFIRESCU, Ioan CIMPIAN, Marcel 

D. PROFIRESCU, " Monti Carlo Simulation of a HEMT Structures," 

Proceedings of The Romanian Academy of The Romanian Academy, 

Volume 9, Number 2,2008. 

[8] Shreepad Karmalkar, "A New Equivalent MOSFET Representation of a 

HEMT to Analytically Model Non-Linear Charge Control for Simulation 

of HEMT Devices and Circuits," IEEE Trans. Electron Devices, vol. 44, 

No. 5, May 1997. 



 

157 

 

[9] X. Zhou and H. S. Tan, “Monte carlo formulation of field-dependent 

mobility for AlxGa1-xAs,” Solid-State Electron, Accepted 22 Sep. 1994. 

[10] Mustafa EROL, “Effect of Carrier Concentration Dependant Mobility on 

the Performance of High Electron Mobility Transistors,” Turk J Phy,25 

(2001), 137 - 142. 

[11] Wen-Chau Liu, Wen-Lung Chan, Wen-Shiung Lour, Kuo-Hui Yu, Chin-

Chuan Cheng, and Shiou-Yinh Cheng, “Temperature-dependence 

investigation of a high performance inverted deta-doped V-shaped 

GaInP/InxGa1-xAs/GaAs pseudomorphic high electron mobility 

transistor,”  IEEE Trans. Electron Devices, vol. 38, no. 7, pp. 1290-1296, 

2001. 

[12] H. Shin, J. Jeon and S. Kim, “Analytical Thermal Noise Model of Deep 

Submicron MOSFETs,” Journal of Semiconductors Technology and 

Science, vol. 6, No. 3, September, 2006. 

[13] Gerhard Knoblinger, Peter Klein, and Uwe Baumann, “Thermal Channel 

Noise of Quarter and Sub-Quarter Micron NMOS FET’s,” ICMTS, 2000. 

[14] Y. Tsividis, “Operation and Modeling of the MOS Transistor.” New 

York: McGraw-Hill, 1999. 

[15] C. H. Chen and M. J. Deen, “Channel noise modeling of deep submicron 

MOSFETs,” IEEE Trans. Electron Devices, vol. 49, pp. 1484–1487, Aug. 

2002. 

[16] Alok Kushwaha, Manoj Kumar Pandey, Sujata Pandey, and A. K. 

Gupta, “Analysis of 1/f Noise in Fully Depleted n-channel Double Gate 

SOI MOSFET,” Journal of Semiconductor Technology ond Science, 

Vol.5, No.3, September, 2005. 

[17] S. Tedja, J. van der Spiegel, and H. H. Williams, “Analytical and 

experimental studies of thermal noise in MOSFETs,” IEEE Trans. 

Electron Devices, vol. 41, pp. 2069–2075, Nov. 1994. 


