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Abstract— A time domain model of bulk InGaAs/InP uni-
traveling carrier photodiode (UTC-PD) is developed in terms 
of integral carrier density rate equation. The wavelength 
dependent responsivity at different absorption width is derived 
from the model which shows good agreement with the 
experimental results. The bandwidth of the device is estimated 
from time dependent photocurrent response. 
 

Index Terms—Carrier density, Responsivity, Photodiodes 

I. INTRODUCTION  
ni-traveling carrier photodiode (UTC-PD) plays an 
important role in millimeter wave and terahertz 

generation as its bandwidth has been expanded in that 
region over ordinary photodiode with innovative ideas [1-2]. 
The notable research works to model UTC-PD so far mainly 
adopt frequency domain representation of the device as they 
are specially interested to derive large bandwidth from the 
device [1]. However, there is a need for time dependent 
model. To obtain temporal characteristics and ultrafast 
response of the device computational efficiency of the 
model is always a challenge as carrier density is a function 
of both position and time. The novelty of this work is to 
elegantly extract the dynamic behavior of the device from 
the traveling wave model in conjunction with fast 
computation of parameters due to linearization of absorption 
coefficient with carrier density. Though the model is 
primarily meant for time domain analysis, the spatial 
variation of responsivity against absorption layer width of 
the device is derived which is shown and verified with the 
experimental results.  
      In this work, the bulk material absorption coefficient is 
modeled as a function of carrier density and wavelength. A 
comprehensive UTC-PD dynamic traveling wave model is 
developed from coupled differential equations of incident 
photon and carrier density rates. Incorporating the effect of 
self-induced field [2] in UTC-PD, the time dependent 
photocurrent response of the device is derived from which 
the bandwidth can be estimated. Finally, few important 
results are given.  

II. THEORY AND MODELING 
Schematic of vertically illuminated UTC-PD layer structure 
is shown in Fig. 1 and its operating principle can be found 
in [1]. 
 

 
 

Fig. 1. Schematic layer structure of vertically illuminated UTC-PD 

A. Modeling of Absorption Coefficient 
Responsivity requires accurate calculation of absorption 

coefficient. Differential equation involving the propagation 
of incident photon flux Q (photons/sec) and photogenerated 
carrier density (N) at any specific time t and position x 
within the absorption layer of UTC-PD, can be written as 

 ௗொሺ௫,௧ሻௗ௫ ൌ െሾߙሺܰ, ሻߣ െ ,ݔሺܰሻሿܳሺߚ  ሻ           (1)ݐ
 

Where ߙ  (m-1) is the bulk material absorption coefficient 
within the absorption region of direct bandgap InGaAs and ߚ (m-1) is material loss coefficient [3] due to scattering 
which is a function of carrier density N. ߚሺܰሻ  can be 
calculated as ሺߚ   ଵ represent theߚ  andߚ ଵܰሻ [3] whereߚ
carrier independent and carrier dependent absorption loss 
coefficient respectively. Now ߙሺܰ,  ሻ can be calculated byߣ
,ሺܰߙ  [4] ሻ  = మସ√ଶగయమೝమఛఔమߣ  ቀ ଶћሺାሻቁ ටߥ െ ா  { ݂ሺܧ௩ሻሾ1 െ

݂ሺܧሻ]}                 (2)                                

where ߥ is the incident optical frequency in UTC-PD and 
other material parameters of (2) are given in [4]. Here we 
only consider the transition rate of photogenerated electrons 
from the valence band (VB) energy level ܧ௩ to conduction 
band (CB) energy level ܧ due to optical excitation within 
the absorption region of UTC-PD. Using the Fermi-Dirac 
distribution in the VB and CB, we can write  
 

 ݂ሺܧ௩ሻ ൌ ଵୣ୶୮൬ಶೡషಶೡೖ ൰ାଵ  and  ݂ሺܧሻ ൌ ଵୣ୶୮൬ಶషಶೖ ൰ାଵ      (3) ܧ௩ ൌ ሺ݄ߥ െ ܧሻ ሺାሻ , ܧ ൌ െሺ݄ߥ െ ܧሻ ሺାሻ   (4) 
 

and ܧ௩  and ܧ are the quasi Fermi level at the VB and CB 
relative to the band edges and can be approximated under 
reverse bias condition as [5] ܧ௩  = [ln ݒ + ݒሼ64  ሺ64ݒ0.05524   = - [ln u + uሼ64ܧ ሻሽିభరሿ݇ܶݒ√  ሺ64ݑ0.05524   ሻሽିభరሿ݇ܶ   (5)ݑ√
 

where, ݒ = ேேೡ, u = ேே and ௩ܰ  and ܰ  are the constant terms 
can be given as ௩ܰ=2 ቀ்ଶగћమ ቁ యమ ;  ܰ ൌ 2 ቀ்ଶగћమ ቁ యమ               (6) 
 

B. Extraction of Absorption Parameters 
      From (2) to (6) the material absorption coefficient ߙሺܰ, ሻߣ  is obtained. In general ߙሺܰ, ሻߣ  is non-linear with 
respect to ܰ and it’s plot against ܰ is shown by the dotted 
line in Fig. 2(a). The plot of absorption coefficient ߙሺܰ,  ሻߣ
can be linearly approximated by ݉ሺܰ െ ܰሻ as shown by 
solid line in Fig. 2(a), where ݉ is the slope of the line and ܰ  is the linear fit parameter denoting carrier density at 
transparency. These values will be used subsequently in 
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(10). If ܰ௫  and ܰ are the two extreme carrier densities 
of interest in the linear region and ߙ௫ and  ߙ are the 
corresponding material absorption coefficients then ݉ and ܰ can be calculated as follows:    ݉ ൌ ఈೌೣିఈேೌೣିே    and   ܰ ൌ െ ఈೌೣ  ܰ௫            (7) 

 

 

 

Fig. 2. The material absorption coefficient ߙሺܰ,  ሻ versus (a) carrierߣ
density [N(x,t)] and (b) wavelength (λ) 

 

The plot of absorption coefficient versus wavelength is 
shown in Fig. 2(b). 

C. Time dependent Model 
The carrier density (N) rate equation within the absorption 
region of UTC-PD can be written as [6] 
 ௗேሺ௫,௧ሻௗ௧ = െ ሾఈሺே,ఒሻିఉሺேሻሿொሺ௫,௧ሻ െ ேሺ௫,௧ሻఛ       డడ௫ ,ݔܰሺߤ]    ሻሿ                      (8)ݔௗሺܧሻݐ
 

where ߬  is the carrier recombination lifetime,  ߤ  is the 
mobility of electrons in InGaAs and A is the cross-sectional 
area of the device. The first term in the right hand side of (8) 
provide the rate of carrier generation from the incident 
photon flux i.e. ௗொሺ௫,௧ሻ௩௨. The negative sign is due to decrease 
in photon density with excess electron hole pair. The second 
term is the carrier recombination rate which varies linearly 
with carrier density and the third term represents 
photogenerated carriers under drift motion [1] and ܧௗሺݔሻ 
is the self induced electric field in UTC-PD [2]. 
Equation (8) is difficult to solve because N is a function of 
two independent variables x and t. Since we are interested in 
the dynamic behavior involving time t we can assume a new 
variable ݎሺݐሻ which is related to ܰሺݔ,   ሻ byݐ
 ሻ= Aݐሺݎ  ܰሺݔ, ௐಲݔሻ݀ݐ                          (9) 

 ሻ denotes integral carrier density over the entire volumeݐሺݎ 
within the absorption region. Hence absorption region 
volume becomes a point source of carrier density. 
Integrating both side of (8) with respect to x and using (9) 
and (1) we arrive at the following simple equation 
 ௗሺ௧ሻௗ௧ ൌ  ܳሺݐሻሾ ݁ିሾሺିభሻೝሺሻಲ ି ሺேబାబሻௐಲሿ െ  1ሿ  െ  ሺ௧ሻఛ ሻݐሺݎߤ +  డడ௫  ሻ                 (10)ݔௗሺܧ
 

The computational complexity in solving (10) has been 
reduced significantly due to its dependency on single 
variable t. Solving (10) the time varying photogenerated 
excess carriers ݎሺݐሻ  is obtained. The output photocurrent ݅ሺݐሻ which is defined as the total charge per carrier travel 
time through the photodiode can be calculated from ݎሺݐሻ as 
 ݅ሺݐሻ ൌ  ሺ௧ሻሺఛಲାఛାఛሻ                              (11) 

 

where ߬ [1], ߬ and ߬  [1] are respectively the absorption, 
grading and collection layer traveling time. 

       III.    RESULTS AND DISCUSSIONS 
The device parameter values used in the dynamic model of 
UTC-PD are given in [3]. The steady state solution of (10) 
for each wavelength from 1400 nm to 1600 nm gives the 
responsivity (R) for that wavelength. R can be obtained by 
dividing (11) with input optical power. For each ߣ, the value 
of ݉ and ܰ is obtained from the linearization curve of Fig. 
2(a). Fig. 3(a) shows the plot of responsivity with 
absorption layer width ( ܹ ) which is verified with the 
experimental results [7]. Fig. 3(b) is the plot of bias 
dependent responsivity of UTC-PD with wavelength at an 
input optical power 0 dBm. Fig. 4(a) shows pulse response 
obtained from the developed model for a super-Gaussian 
(m=8) optical input pulse of width 1 ps. Slow decay (2 ps) 
at the output signifies that UTC-PD has a limited 
modulation bandwidth (~ 300 GHz) which is obtained after 
carrying out Fourier Transform of the output pulse. The 
result is shown in Fig. 4(b). 
 

 

Fig. 3. Responsivity of UTC-PD (a) with ܹ and (b) with wavelength at 
different applied bias (Vb) 

 
 

Fig. 4(a). Output photocurrent response of UTC-PD with an input optical 
pulse and (b) bandwidth of the device  
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