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Abstract---MOS devices interface defect density measurements 

such as the hi-lo CV method and the conductance method are 

extremely important and widely used. Interface defect response 

time is a key parameter in both measurements as well as in their 

interpretations. It is widely accepted that interface defects at 

energies close to the band edge have too short a response time to 

be measured properly by these techniques, unless very high 

measurement frequencies are employed, which greatly increases 

the experimental difficulty. Consequently, near band edge 

interface defects are deemed unreliable and generally not 

reported. Here we show that the time constant of band edge 

defects has been misunderstood. Specifically, we show that as the 

capacitor is biased into accumulation – a necessity to measure 

defect levels near the band edge, the defect response time levels 

off instead of continuing to decrease. As a result, the commonly 

available 1MHz measurement frequency is more than adequate 

even for defects near the band edge. 
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I. INTRODUCTION 
 

      Measuring interface defect densities are critical to 

understand the operation and degradation of metal-oxide-

semiconductor (MOS) devices. The most employed 

measurements are the conductance method and the 

capacitance-voltage (CV) method. Especially, the high-low 

frequency CV measurement (hi-lo CV) [1]. These 

measurements are believed to be invalid for defects with 

energies near the band edge. In many MOS devices, the 

interface defect density rises rapidly toward the band edge [2, 

3], making the band edge the most important region that is in 

need of good measurements. It is unfortunate that the most 

depended upon measurement methods are thought to be 

invalid at this very region.  

      The reason these measurements are believed to be invalid 

is that the time constants are thought to be too short for these 

defects. It is the purpose of this brief to show that this 

common belief is wrong. 

 

II. THE ESTABLISHED PHYSICAL MODEL 
 

      The standard link between defect response time constant 

and the defect energy is [4-6]: 

 

                
1

𝜏𝑒
= 𝜎𝑣𝑡ℎ𝑀𝑐𝑒

−𝑞𝐸𝑇 𝑘𝑇⁄               (1) 

 

where  is the carrier capture cross section, vth is the thermal 

velocity of the free carrier, Mc is the effective density of states 

in the conduction band (or valence band), and ET is the energy 

barrier for the carrier emission (from trap) process. 

      In CV measurements, the gate voltage is swept slowly 

while a small modulation is riding on top of it. As the gate 

voltage is modulated, the surface potential will be modulated 

as well. To maintain an equilibrium distribution, charge 

capture into and emission from the defect states are both 

involved. In general, emission is slower than capture and 

equation (1) represents the charge emission time [4]. Fig. 1a 

depicts hole emission to the valence band under depletion 

bias. The hole must jump from the defect energy level, Et to 

the valence band edge, Ev, to become “free” to flow to the 

substrate contact. Once over the band edge, the carriers are 

either pushed by the band bending or free to diffuse/drift to 

the contact to be measured. The emission barrier, ET, is 

therefore, 

 
                   𝐸𝑇 = 𝐸𝑡 − 𝐸𝑉             (2) 
 
      From equations (1) and (2), as Et approaches Ev, ET 

becomes small and 1/e, or frequency f, grows exponentially. 

Depending on the value of , the frequency may reach 

100MHz or more. For valid measurements, the frequency 

must be higher than the response time of the defect being 

measured. The high frequency most used in defect 

measurements is 1MHz or less. This is the origin of the belief 

that these measurements are not valid for defects with energy 

approaching the band edge 
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III. THE NEW PHYSICAL MODEL 
 

      Figures 1a and 1b are band diagrams that keep the 𝐷IT   

distribution and bandgap edges at the surface fixed while 

shifting the bulk bandgap/Fermi level to illustrate different 

conditions of depletion and accumulation. The key point of 

this letter is that the band diagram of Fig. 1a is not valid when 

measuring near band edge defects. In both conductance and 

hi-lo CV measurements, the capacitor must be biased so that 

the surface potential is at the defect energy to probe the 

defect’s response. The case in Fig. 1a is for defects deep in the 

band gap and measurement requires the capacitor be biased 

only to depletion. For defects near the band edge, the 

capacitor must be biased to accumulation as shown in Fig. 1b. 

In this situation, emitting the hole to the valence band edge is 

not enough to make the hole “free” to flow to the substrate 

contact because the band bending is opposing the flow of 

carriers toward the substrate contact. In other words, no 

measurable response to the gate voltage modulation will 

result. Thus, the emission barrier is no longer given by (2). To 

have a measurable response, the emitted hole must be 

energetic enough to overcome the band bending as shown.  

      Band bending starts immediately after the flat band 

condition. To measure defects closer to the band edge than the 
Fermi level means band bending is always involved. Since the 

surface potential movement tracks band bending, the 

emission barrier becomes constant. Thus, beyond flat band, 

the trap depth (energy barrier) becomes, 
 

              𝐸𝑇 = 𝐸𝐹 − 𝐸𝑉              (3) 
 
where EF is the Fermi Energy. Note that EV in both (2) and (3) 

refers to the bulk value. In other words, beyond the Fermi 

level at flat band, no matter how close the defect energy to the 

band edge (at the surface) is, the energy barrier is the same 

and the response time will not be shortened. This remains true 

even for defects beyond the band edge. 

 

      Fig. 2 shows the defect response frequency as a function 

of the defect energy level from the band edge based on the 

original (dotted lines) and the new model (solid lines). The 

response frequency stops decreasing for defects with energies 

beyond the Fermi energy.  It also shows that, for the same 

substrate doping level, higher measurement temperatures lead 

to a higher but fixed response time. Note that Fermi level at 

higher temperature is shifted deeper into the band gap due to 

increase in intrinsic carrier concentration. Note also that the 

exponential pre-factor of (1) has been fixed at 1x108sec, an 

approximate value chosen base on most experimental results. 

      It should be noted that high-level of interface state density 

toward the band edge can potentially lead to an effective 

Fermi level differ from the value given by bulk doping due to 

Fermi level pinning. This could lead to a different time 

constant 

 

IV. EXPERIMENTAL EVIDENCE 
 

      Experimentally, time constant leveling off was observed 

soon after the conductance method was developed [7 -10], but 

the results were interpreted differently [7, 8]. In these works, 

the capture cross section, , extracted from conductance 

measurements, remains roughly constant as a function of 

defect energy (surface potential) until a certain energy value. 

Beyond this defect energy,  decreases exponentially. In these 
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Fig. 1. Band diagram illustrating the hole emission 

process. The varying blue shade at the interface 

represents defect density. (a) depletion case: sweeping 

the Fermi level (to measure interface defects) toward the 

band edge results in the reduction of emission barrier 

because once over the band edge, the band bending 

pushes the carriers toward the contact; (b) accumulation 

case: sweeping the Fermi level (to measure interface 

defects) does not reduce the emission barrier because 

jumping to the band edge is not enough since band 

bending is opposing the carrier motion to the substrate 

contact.   

Fig. 2. Calculated interface defect response frequency as 

a function of defect energy from the band edge showing 

the effect of band bending causing the frequency to 

become constant beyond the Fermi energy. 
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works,   is extracted from the measured time constant using 

equations (1) and (2). Trying to stay true to these two 

equations, the authors make  decrease when e stops 

decreasing with decreasing ET. It was found that the decrease 

of   approximately compensates the exponential term in (1) 

and was considered a mystery [7]. With the new model, e 
stops decreasing with ET beyond flat band is expected and 

forcing  to decrease is not necessary. We note that in 

reference [7], the reported energies for this transition do not 

coincide with the flat-band condition. However, reference 

[7]’s method to determine surface potential from C-V data is 

questionable and is improved in reference [8], where the 

transition then coincides with flat-band condition. 
     In reference [8], the defect energy at which  starts to 

decrease exponentially (or e stops decreasing) is doping 

concentration dependent, with the lower doped sample starts 

earlier, exactly as predicted by the new model. 
     The phenomenon of e leveling off is also observed in 

Thermally Stimulated Emission Current measurement [9] 

which is also an emission measurement based on (1). 
      Further evidence for the new model can be inferred from 

what is largely absent in the literature. Surveying the literature 

found that measured conductance peaks at frequency 1 MHz 

or higher for MOS capacitors is very rare. Obvious exceptions 

are when the substrate doping level is extremely high so that 
EF is very small [10], or when the measurement is done at high 

temperature [11], as predicted by the new model.  
      In an experiment set out to prove that high frequency is 

needed for band edge defects [12], conductance peak beyond 

1MHz was not found even though using frequency up to 

100MHz in hi-lo CV measurement resulted in more extracted 

defects. It is likely that in hi-lo CV measurement, higher 

frequencies access more of the high energy tail of the 

distribution where the emission barrier is smaller, as 

demonstrated by Eaton et al. [13].  

      As there are many defect types, very large capture cross 

section (very fast time constant) case may exist. A case in 

point is reported in [14] where a defect with response time 

beyond 100MHz was reported. Even in this case, e leveling 

off is observed. In general, there is strong evidence that 

accumulation time constant is constant with energy, as 

predicted by the new model. 

 

V. FURTHER DISCUSSIONS 
 

      While we have focused on accumulation so far, the new 

model should apply to inversion as well. However, due to the 

difficulty in providing sufficient minority carriers, CV 

measurements in inversion often use transistors instead of 

capacitors. When a transistor is used, the inversion layer is 

shorted to the source and drain, and the band bending will not 

be part of the barrier of emission. In other words, equation (2) 

remains valid. Sometimes, instead of a transistor, a capacitor 

is used with the help of UV light to produce minority carriers. 

In these cases, band bending is part of the emission barrier, 

just like in accumulation. 

      Before we conclude, we acknowledge that there is another 

important factor that makes using hi-lo CV to measure band 

edge defects difficult, which is the relative size of the 

semiconductor capacitance, Cs, versus the gate oxide 
capacitance, Cox. In most case, Cs >> Cox, making the 

extraction of the defect capacitance, Cdef, very difficult. The 

situation can be improved when Cox becomes large, such as in 

the very thin gate oxides used in advanced CMOS technology. 

Another source of improvement can result from Cs becomes 

smaller due to strong quantum confinement effect, which 

typically occurs when wide bandgap substrate is involved. 

Even with these improvements, Cox needs to be accurately 

determined to reduce error to acceptable level, which is 

challenging. 

 

VI. CONCLUSION 
 

      The commonly used equation to predict interface defect 

response time is valid only in depletion. Measuring defect 

density near the band edge using the hi-lo CV method or 

conductance method requires that the capacitor be biased into 

accumulation. In this region, the barrier for emission becomes 

constant, and the defect response time will not decrease as 

commonly believed. In most cases, the common 1MHz 

measurement frequency is more than adequate, and the hi-lo 

CV measurement is applicable to the band edge or even 

beyond the band edge.  
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