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THE DRIFT/DIFFUSION RATIO OF THE MOS TRANSISTOR 
DRAIN CURRENT 

Sabin EFTIMIE1, Adrian RUSU2, Adrian - Mihai IONESCU3 

Lucrarea prezintă o nouă metodă de evaluare a raportului dintre cele două 
componenete ale curentului de drenă ale unui tranzistor MOS: curentul de câmp şi 
cel de difuzie. Stabilind anumite limite pentru acest raport, se poate delimita 
regiunea de inversie moderată pe caracteristicile de transfer ale unui tranzistor. 
Cunoaşterea limitelor inversiei moderate oferă posibilitatea obţinerii unei precizii 
mai bune atunci când sunt folosite modele continue. Vor fi date şi exemple de 
stabilire a limitelor inversiei moderate în cazul unor tranzistoare submicronice, 
comparând aceste rezultate cu soluţiile oferite de alte modele. 

The paper presents a new method to evaluate the ratio between the two 
components of drain current in MOS transistors: drift and diffusion. By setting 
certain limits for this ratio, the moderate inversion region can be delimited in 
transfer electrical characteristics. The limits of the moderate inversion give the 
possibility for a more accurate applying of the continuous models. Some examples 
are given by extracting the main model parameters for a sub-micron MOS transistor 
and the limits of moderate inversion are compared with the results obtained using 
other models. 
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1. Introduction 

The basic principles of the gate action on drain current in MOS transistor 
indicate two extreme domains: 

- the strong inversion, modeled by parabolic laws, where the current is given 
by the drift component and 

- the sub-threshold region, where the models use an exponential law and a 
diffusion component of the current is considered [1], [2]. 

Between the two regions, an intermediate one is considered. This region must 
take into account the both components of the current, drift and diffusion, and 
represents the test-key of any continuous model. The limits of the moderate 
inversion can be calculated using the Tsividis’ model [2], where the ratio between 
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the main capacitances of the MOS transistor is used. This paper presents a new 
way to determine the moderate inversion limits by compiling the drain currents’s 
drift/diffusion ratios. The results of both methods are close, but the new proposed 
one offers the possibility to use even drain current to estimate the ratio between its 
components.  

2. Previous Models 

2.1. The definition of the drift and diffusion currents 
 

The surface potential based models are recognized today as ones of the 
most precise in all operation regions, including moderate inversion. This is 
achieved by considering the drain current as the sum of diffusion current and drift 
current [3]. These two components have exact definitions if they are considered as 
local values along the MOS channel and they can be averaged on its entire length 
to obtain an analitical expression for them. Using the charge sheet model [1], [2], 
[4], these currents can be considered as functions of the inversion charge present 
under the gate: 
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where the notations are classically. The total current, ID, represents the sum of 
these components: 
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and has a constant value in the whole channel. This observation permits to 
integrate it along the channel and to obtain the average values of the diffusion and 
drift currents, as follows: 

- the average drift current (usually named only “drift current”): 
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- the average diffusion current (usually named only “diffusion 
current”): 
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where the integration limits represent the corresponding values of the source-end 
and drain-end of the channel. 

In order to compute the values of the ID1 and ID2 current is necessarily to 
solve the equations: 
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where VG is the gate voltage and the potential V along the channel varies from VS 
(source voltage) to VD (drain voltage). These equations can’t be solved 
analytically and, as consequence, any continuous exact model can’t be developed 
starting from this point. 

2.2. Tsividis’ model 

The limits of the moderate inversion are presented in figure 1. These are: 
- VM, the lower limit of the moderate inversion and 
- VH, the upper limit of this region. 

 

 
Fig. 1. Drain current dependence of the gate 
voltage,with the two aproximations for weak 

inversion and strong inversion  
 

In other words, these limits can be considered as the maximum voltage 
(VM) where the exponential law can be considered and the minimum voltage (VH) 
from which the parabolic law can be used. 
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In order to evaluate the width of the moderate inversion region, Tsividis 
[2], [4] has considered the ratio of the inversion capacitance (Ci) and the sum of 
the oxide and bulk capacitance (Cox + Cb) as these capacitances are presented in 
figure 2. Taking into consideration the continuous growth of the Ci capacitance 
with VG voltage, these two limits are defined as: 

VG = VM for 1.0=
+ box

i

CC
C

                            (8a) 

VG = VH for 10=
+ box

i

CC
C

.                            (8b) 

 

 
Fig. 2. The simplified capacitance network between 

gate and bulk of a MOS transistor 
 

These limits will be considered for comparison with an alternative method 
presented in the next section. 

3. The Proposed Model 

3.1. The equivalent circuit of the MOS transistor 

The MOS transistor function is considered as the injection of charge 
through the junctions source-channel (DS) and channel-drain (DD) (figure 3) [5]. 

 

 
Fig. 3. Equivalent circuit of a MOS transistor
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The equivalent circuit is based on the charge sheet model [4]. The 
corresponding biases of these junctions are VJS and VJD, respectively. The injected 
currents of each junction are ISD – from the DS junction – and IDS – from the DD 
junction. The total drain current is given by the difference of the two currents: 

 
DSSDD III −= .                                                (9) 

 
The cathodes of the junctions DS and DD are biased by the voltages VS, 

respectively VD, while the anodes are biased by φs(yS) and φs(yD) which represent 
the potentials at the ends of the channel. These potentials, φs(yS) and φs(yD), are 
obtained across the distributed network of channel resistance (RCH) and the 
oxide/substrate capacitances. In order to represent this network, in figure 3 only a 
simplified one was presented, where the capacitances are split between source 
( oxC ′  and sC ′ ) and drain ( oxC ′′  and sC ′′ ). The drain current is dependent on the 
voltage VDS, that has the following equation: 

 
( ) ( ) JDJSSsDsDS VVyyV −+−= ϕϕ .                               (10) 

 

3.2. The potential method 

In order to obtain the average values of the drift and diffusion currents 
along the channel, a new method is used, named the “potential method”. Starting 
from equation (3), a variable changing is performed, substituting the coordinate y 
by the corresponding channel resistance, rCH: 
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As consequence, the differential equation in the channel becomes: 
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Integrating this equation along the channel: 
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the average values of the drift and diffusion currents are: 
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- the drift current (ID3), representing the first part of equation (13): 
 

( ) ( )
CH

SsDs
D R

yy
I

ϕϕ −
=3                                        (14) 

 
- the diffusion current (ID4), representing the second part of equation 

(13): 
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Taking into consideration the exponential dependence of the injected 

inversion charge at the ends of the channel on the bias of source and drain 
junctions, the final equation of the diffusion current is: 
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By adding the two components, ID3 and ID4, the equation of the total drain 

current becomes: 
 

( ) ( )[ ] ( )JDJSSsDsCHD VVyyRI −+−= ϕϕ                          (17) 
 

As a physical interpretation of this “potential method” it can observe that 
the weight of the drift and diffusion currents is depending on a sharing of the 
drain-source voltage between the channel, ( ) ( )[ ]SsDs yy ϕϕ − , and the two 
junctions, ( )JDJS VV − . 

3.3. The drift/diffusion ratio 

Taking into account the equations (14), (16) and (17), the following ratios 
can be defined: 

- the weight of the drift current, rc: 
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- the weight of the diffusion current, rd: 



The drift/diffusion ratio of the MOS transistor drain current                           83 

 

DS

JDJS

D

D
cd V

VV
I
Irr

−
==−= 41 .                                  (19) 

 
In order to obtain analytical solutions of these ratios dependent on applied 

voltages, the case of linear electrical characteristics is considered. For small VDS 
voltages, the corresponding ratio rc will be noted rc0 and will be given by: 
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Using the equation (7), the ratio rc0 is calculated as: 
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The above equation may be rewritten using the normal variables: 
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and: 
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the following form is obtained: 
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Figure 4 shows the curves of the drift current weight, rc0, on the 
normalized surface potential, xs, considering a large range for the body-effect 
coefficient γ, from 0.01 to 10 V1/2. It can be observed that the weight of the drift 
current is approximately zero at  the  beginning  of  the  inversion  (φs/φF = 1)  and 
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Fig. 4. Drift current ratio dependence of surface 

potential  
 

grows to unity for deep strong inversion (φs/φF > 3.5). It is interesting to observe 
that the condition for starting strong inversion, φs/φF = 2, lies in the moderate 
inversion region, where rc0 has significant values. 

4. The Moderate Inversion Limits 

The limits of the moderate inversion region can be determined considering 
the conventional limits 0.1 and 0.9 for the rc0 ratio: 

- the minimum (lower) limit: 

1.00 =
=

crssM ϕϕ                                                 (24a) 

- the maximum (upper) limit: 

9.00 =
=

crssH ϕϕ .                                              (24a) 

 
Fig. 5. Example for calculating the limits of 

moderate inversion region 
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An example is presented in figure 5 where a particular case with NA = 1015 
cm-3 and tox = 0.1μm is considered. The extracted values are: φsM = 1.924φF and 
φsH = 2.367φF. For comparison with the Tsividis’ model, figure 6 shows the ratio 
of capacitances: 
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Fig. 6. Calculating moderate inversion limits using 
Tsividis model 

 
as a function of the same relative surface potential (φs/φF). Considering the limits 
0.1 and 10, given by equations (8a) and (8b), the following results are obtained: 
φsM = 1.898φF and φsH = 2.381φF. One can see a good fit of the results obtained by 
the two methods. In order to extend the comparison, the width of moderate 
inversion   region  was  represented  on  a  graph  indicated  by  Tsividis  [6],  as  a 
 

Fig. 7. Comparison between Tsividis and Rusu 
considering the width of moderate inversion region 

as a fucntion of oxide thickness
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function of oxide thickness and substrate concentration (figure 7). The width of 
moderate region is defined as: 
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In this figure, the Tsividis’ results are indicated with dashed line, while the 

results of our paper (Rusu and Co.) are with solid lines. The two curves have the 
same shape, with the observation that the new results are systematically lower 
than the Tsividis’ ones, but less than 20%. A correction can be made if the limits 
0.1 and 0.9 used in equations (24a) and (24b) are slightly modified. In  figure  8  a 

 

Fig. 8. Changing the moderate inversion limits for 
fitting Tsividis’ results 

 

 
 

Fig. 9. The Dependence of the width of moderate 
inversion region.of temperature 

 
comparison of the models was performed for NA = 1014 cm-3. The limits 0.1 and 
10 of Tsividis’ model were kept unchanged – equations (8a) and (8b). Meanwhile, 
the limits of our model were modified as: (a) rc0 = 0.1 & 0.9 (as in figure 7), (b) rc0 
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= 0.05 & 0.95 and (c) rc0 = 0.09 & 0.91. In case (b) the width of moderate 
inversion region is larger, but for the last case the fitting is quite good. 

In the following, keeping the same conventional limits for the drift current 
weight, 0.1 and 0.9, another comparison was made to observe the dependence of 
moderate inversion width on temperature for both models. Figure 9 shows this 
dependence for temperatures between 240 and 420 K, considering a MOS 
transistor with NA = 1014 cm-3 and tox = 10 nm. It can observe the reduction of the 
width of moderate inversion region while the temperature is decreasing.  

A final result is given in figure 10, where the limits of moderate inversion 
region are indicated on a transfer electrical characteristic for a sub-micron MOS 
transistor. These limits were calculated using the procedure indicated in this 
paper. The threshold voltage VT was determined by using the third derivative of 
the characteristic [7]. The performing of these determinations does not need the 
existence of any information concerning the MOS capacitances. 

 

 
Fig. 10. Limits of the moderate inversion region on 

a real transfer electrical characteristic 
 

5. Conclusions 

The paper presented a new method to define the average currents for the 
drift and diffusion processes. The drift/diffusion ratio depends on the drain-source 
voltage sharing between the channel and the transition regions of source and drain 
junctions. The conventional limits for moderate inversion are given by the weight 
of the drift current in the total drain current; usually, the limits are 0.1 and 0.9. 
The results are in good agreements with the limits of Tsividis’ model extracted 
from capacitance ratio. The advantage of the proposed model lies in the 
possibility to extract the limits of moderate inversion region directly from the 
electrical characteristics. 
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