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Outline of Presentation

• New Microscopic and Macroscopic Theory of High-Field 
Transport in  Inhomogeneous Electric Fields (Including Built-in 
Fields)

•Implications for Physics-Based Software Modelling Tools

•Application to p-i-n Photodiodes: Steady State and Transient

•Transient Simulation of UTC Photodiodes: New Underlying 
Physics, Consequences, and Interpretation of the Results

•Conclusions



High-Field Transport in Photodetectors
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Speed of response – transient time:

(Response time of electrical circuit: τRC=RC).
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Transient Time and Electron Dynamics in
Built-in Electric Fields

TRANSIT TIME AND HIGH-FIELD MOBILITY Velocity-Field Characteristics for e-ns and
holes in Bulk (Homogeneous Fields)
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•In high electric fields:

•Usually μ decreases when F increases, and drift 
velocity becomes sub-linear function of F.
•Saturation velocity and transferred electron model:
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•Drift velocity and mobility of holes << then for e-ns.



UTC PD vs p-i-n PD

The main UTC PD features:

1. Separation of photo-absorption and
high-field transport regions.

2. Only one (fastest, e-ns) type of carriers
is involved in high-field transport.

The main p-i-n PD features:

1. Photo-absorption and high-field
transport regions coincide.

2. Both types of carriers (electrons and holes)
are involved in high-field transport.

UTC PD PIN PD

T. Ishibashi et al, (Invited Review Paper) “High-Speed and High-Output InP-InGaAs Unitravelling-Carrier
Photodiodes”, IEEE J. Select. Topics Quantum Electron, Vol. 10, 709, (2004).



Theory of Carrier Transport in Photodetectors

THE SIMPLEST (BUT NOT THE BEST!) MODEL IS THE DRIFT-DIFFUSION (DD) MODEL:

•The feature of p-i-n and UTC PDs is the presence of strong built-in field.
•The key question is:  What does define the local mobility μn,h(x)?

•The goal is to calculate e/h current
densities jn and jh for a given optical
intensity I0 (W/cm2), i.e. to calculate
the electrical response of photo-
diode, and all local parameters.),p,n(ReP)x(j
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Electron Dynamics in Built-in Electric Fields –
Key Previous Results

).( inBuilF −= μμ

The result:

.lowμμ =

The result:

•The above results are obtained for systems near the equilibrium.
•The results are in disagreement with each other. THE QUESTIONS:
•What is a correct result? What is a mobility in systems with built-in fields far
from equilibrium, which mobility e.g. should be used in DD theory? 



Electron Dynamics in Inhomogeneous Electric 
Fields (Including Built-in Fields) – New Results

•Microscopic Boltzmann Kinetic Equation Based Approach:
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If Φ(p,r) is known, then the current density  is: 
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Two Physically Different Cases (Due to different role of e-e scattering):

•Case 1. High Electron Density. Case 2. Low Electron Density.

In Case 1               is known: )r,p(0
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In Case 2               is unknown, and finding it presents the most difficult part. )r,p(0
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The Main Results for Inhomogeneous Fields

•In both cases the electron dynamics is governed by the “field parameter” f(r):
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•Within applicability of the DD theory the high-field mobility (i.e. the μ(f) depen-
dence) can be obtained using the known results for a homogeneous field.

•However, even in the DD theory the mobility is different for cases of low and 
high electron density, respectively.

•NOT by the electric field F=∇Ec(r)/e or the gradQFermi ∇EF(r) alone!  Why?

•The mobility is a function of the “field parameter”, which is the driving force:
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•The field parameter is different for e-ns and holes! 



General Results for Mobility at High and Low 
Carrier Densities

1. High Carrier Density:
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μ ),( on TTW - is the power loss function.

2. Low Carrier Density:
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Inhomogeneous field solution:

where                  is given by the solution of simplified balance equation:)f(RTn =



Results of the Mobility Calculations for 
Practically Important Cases

Case of High Electron Density:

•For a particular model with:                               and  the
high-field mobility is:
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Case of Low Electron Density (The saturation velocity model):



Application to Various Physical Situations

•Homogeneous system:  ,Fe)r(E)r(E ocrFr
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•If                and                 have the same sign (as in a reverse-biased p-n junction or
illuminated p-i-n photodiode), then                and we have the electron heating, which
however, requires not only strong electric field             , but also large    
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•If                                           (as in forward-biased p-n junction), then  the direction of
the current is opposite to the direction of the electric field, and there we be carrier
cooling (decrease of Tn). In this case approximately  
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Application to Simulation of p-i-n Photodiode: 
Steady-State Analysis

Parameters: InP: Mobilities: 930 (e); 85 (h);
Doping: NA=1.5x1019, ND=3x1018;
InGaAs: Mobilities: 4500 (e); 85 (h);
vsat=2.5x107 (e); 0.5x107 (h); 
Doping: ND=5x1015; Bandgap: Eg=0.75 eV.
Interfaces: ΔEc=0.25 eV,  ΔEv=0.35 eV.
Absorption: α=6080 cm-1; I0=3 kW/cm2;
Reverse bias: -1.5 V.
Boundary conditions: Thermionic currents.

DESSIS (Synopsys/ISE) tool is used
for the simulation.



Calculated Mobilities Using Various Models

•Curves 1 and 2 obtained from DD simulation using 2)/(1/)( satoo vFF μμμ +=

|/)(| exEF Fx∇= .|/)(| exEF cx∇=with (1) and (2) 

•Curves 1′ and 2′ are calculated mobilities using ,]/)([ 2/12exfF = where )().()( xExExf cxFx ∇∇=
was obtained from the results corresponding to curves 1 and 2, respectively. 

•Curves HD1 and HD2 are the results of full HD simulation using )/()( noon TTT μμ = (HD1) and 
)]()(1/[)( 22
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soo vek ετμκ =(HD2), where 

•Large difference in the high-field 
mobilities for DD models using 
various driving forces clearly shows 
that μ(F) and μ(gradEFermi) are not 
equivalent.

•μ(f) from the DD theory qualitatively 
follows μ(Tn) from the HD theory. 
This means that DD is also able to 
correctly describe the HF transport, 
provided that the correct DF is used.

Vn = 0 V



Hydrodynamic or Energy Balance Model

•Additional energy flux continuity (balance) equations for e-ns and holes:
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•Boundary conditions at all interfaces are formulated via TE emission 
carrier fluxes and the carrier energy fluxes.

•Important difference: DD model does not includes hot-electron effects,
the HD model does.



Calculated Electric Fields And Field Parameter

•Profiles of the electric field |/)(| exEcx∇ (dash-dotted lines); 

•Profiles of the “field parameter” 2/1]/)([ exf (solid lines);

•Profile of the gradient of QFL |/)(| exEFx∇ (dashed line, only curve 1 is shown). 

•In general the field parameter f(r)
does not follow F(r) or ∇EF(r).



Application to Simulation of p-i-n Photodiode: 
Transient Analysis: Mobility
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Transient mobility profiles at t=1.5 ps for
various models: DD1 – F, DD2 - ∇EF,
HD – Tn, TC – Theoretical Calculations.



Application to Simulation of p-i-n Photodiode: 
Transient Analysis: Output Current

In spite of large difference in the drift mobility/velocity profiles (previous 
figure), the output signals are very close for all models. What is a physical 
reason for this result?

2



Application to Simulation of p-i-n Photodiode: 
Transient Analysis: Density and Temperature

At high optical excitations the current is determined by the TE emission at the IF rather 
than by the high-field transport. The electron diffusion current flows away from the n-
InP/InGaAs IF and it helps to counterbalance the fast drift supply of the electrons to 
the IF. Although the max of Tn(x) is shifted away from the IF as t increases, at t~2 ps
Tn(x=0.5)=360 K is still higher than T0 and this explains faster response in HD model. 

Excess electron density at various t. Electron temperature at various t. 

HD Model HD Model



THEORY AND SIMULATIONS OF UTC
PHOTODETECTORS



UTC Device Structure And Energy Bands

Radiation (1.55 μm)

ωh

Holes

Electrons

Wide BG Narrow BG



Built-in Electric Field



Variation of Electric Field with Bias



Strong Electric Field and Strong Gradient 

•When equilibrium 
is violated, the high-
field carrier dyna-
mics is determined 
by the joint action of 
F (∇Ec) and ∇n, NOT 
by the electric field 
alone. This is the 
physical reason be-
hind introduction of 
the field parameter 
f(r):
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Photocurrent Response in DD and HD Models 

DD Model (∇EF)
For various biases

Optical intensity
Io=1x105 W/cm2

HD Model (Basic)
For various biases

Optical intensity
Io=1x105 W/cm2



Direct Comparison of HD and DD Responses 
at Vn=0 V and Vn=5 V

Optical Intensity:
I0=1x105 W/cm2

Optical Intensity:
I0=1x105 W/cm2



Comparison with the Experiment

T. Ishibashi et al, (Invited Review Paper) “High-Speed and High-Output InP-InGaAs Unitravelling-Carrier
Photodiodes”, IEEE J. Select. Topics Quantum Electron, Vol. 10, 709, (2004).

Response of UTC PD (A=2500 μm2) to 1.55 μm 
incident pulse with FWHM=0.4 ps. (2pJ input 
energy corresponds to intensity ≈ Io=1x105

W/cm2). The experiment is well described with 
the HD model, but not with the DD model. 

(For comparison: Photoresponse of a 
p-i-n PD. The experimental curves are 
well described by the simulation results 
with the DD or the HD models).



Transient Current Profiles Across the Device from 
the HD Model: Io=105 W/cm2 (Vn=0 V)
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Transient Current Profiles Across the Device 
from HD Model: Io=105 W/cm2 (Vn=0 V)



Transient Current Profiles Across the Device from 
the HD Model: Io=105 W/cm2 (Vn=0 V) - Continued



Transient Current Profiles Across the Device from 
the HD Model: Io=105 W/cm2 (Vn=1 V)
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Transient Current Profiles Across the Device from 
the HD Model: Io=105 W/cm2 (Vn=1 V)



Transient Current Profiles Across the Device from 
the HD Model: Io=105 W/cm2 (Vn=1 V) - Continued



Effect of Bias on Photoesponse: HD, I=1x105 W/cm2



Evolution of Electron Temperature at Vn=0 V

Vn=0 V
Optical Intensity:
I0=1x105 W/cm2

Vn=0 V
Optical Intensity:
I0=1x105 W/cm2



Evolution of Electron Temperature at Vn=1 V

Built-in Dark Tn

Optical Intensity:
I0=1x105 W/cm2

Built-in Dark Tn

Optical Intensity:
I0=1x105 W/cm2



Physical Reason for Increase of Photocurrent with 
Increase of the Bias Vn – Increase of TE Current

Vn= 0 V

Vn= 1 V

Tn=510 K
Tn=835 K

Optical Intensity:
I0=1x105 W/cm2

Near-Interface
Heating:



Thermionic Emission Current from the Absorber

DESSIS UG:



Transient Optical Cooling of Carriers in Absorber

Optical Intensity:
I0=1x105 W/cm2

Optical Cooling

Electric Field Heating



Electron Density and Electron Mobility at the Cooling

Tn=510/835

Tn=1130/1915

Absorber

μ=μ0(T0/Tn)



Effect of the Mobility in Absorber on Photoresponse

μ=const

μ=μ(Tn)



Effect of the Optical Intensity on the Electron 
Temperature



Effect of the Optical Intensity on the Electron Mobility



Effect of the Optical Intensity on the Electron Density



Physics of Transient Carrier Cooling in Absorber

•Process 1 – Excess of the excitation energy
goes in part to the lattice (via the phonon 
emission) and in part into the electron sys-
tem (via the e-e scattering). These proces-
ses are very fast (~10 fs).

•Process 2 – There is no energy excess and 
the energy is taken from the lattice in order 
to heat the electron up to the mean energy 
k0Tn. This process is slower than the first 
one and it is governed by the energy 
relaxation time τε).

•The cooling below Tn (or even below T0) is 
possible only for a Process 2.

koTn
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Ev

1 2
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Eex=ħω0 - Eg



Mathematics of Transient Carrier Cooling in Absorber
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•Where is the term ∝ αI0 in the ene-
rgy balance equation, which des-
cribes the optical energy supply?

•In order to obtain this term the 
Boltzmann equation must be modi-
fied in the first instance, since the 
above equations were obtained 
from the BE (as the moments):
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•Integration of the latter equation (…×E) results in the following EB equation: 
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•The absence (erroneous!) of the last term from the energy balance equation me-
ans that the resulting equation describes a very particular case of photo excitati-
on: ħω0=Eg. This corresponds to Process 2 and is the real reason for the cooling.



HD Model

Vn=0 V
Optical Intensity:
I0=1x105 W/cm2

Comparison of p-i-n and UTC

Temperature Profiles



Results from DD Modelling of the UTC PD



Effect of Bias on Photoresponse in the DD Model 

Optical Intensity:
I0=1x105 W/cm2

Optical Intensity:
I0=1x105 W/cm2



Effect of Different Driving Forces on Photoresponse

Optical Intensity:
I0=1x105 W/cm2

Optical Intensity:
I0=1x105 W/cm2



Transient Output Currents from DD Model (I0=1x105

W/cm2, Vn=0 V)
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Transient Output Currents from DD Model (I0=1x105

W/cm2, Vn=0 V)



Transient Output Currents from DD Model (I0=1x105 

W/cm2, Vn=0 V) - Continued



Transient Output Currents from DD Model (I=1x105

W/cm2, Vn=5 V)
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Transient Output Currents from DD Model (I=1x105

W/cm2, Vn=5 V)



Transient Currents from DD Model (I=1x105 W/cm2, 
Vn=5 V) - Continued



Electron Density from DD Model (Vn=0V, 1V, and 10V 
at t=1.5 ps



Output Currents from DD Model at Very High 
Photoexcitation Level for Various Biases



Effect of the Photoexcitation Pulse Duration on 
the Output Current for DD Model

Excitation Pulce:
50 fs; σo=5 fs



CONCLUSIONS

•In case of spatially-inhomogeneous electric fields, which are typical for 
most of semiconductor devices, the  driving force for carrier drift 
mobility in the drift-diffusion model is the fieldp parameter:

•The available mobility models, like vsat or transferred electrons, must 
be modified respectively, in order to include the field parameter.

•In the high-speed photodetectors the hot-electrons effects are of 
paramount importance for the fast transient responses.

•The HD model must be used for simulation of p-i-n or UTC 
photodetectors, since it includes the hot-electron effects.

•For devices with photoexcitation the optical sources (optical 
heating/cooling) must be included in the energy balance equations.

•The key role of the near-interface field-heating of the carriers in the 
absorber is shown in the fast response of the UTC PDs.  
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