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Frequency response is one of the most important characteristics of photodiode (PD). The upper limitation of the bandwidth of a 
PD is determined by its intrinsic frequency response. Based on the extraction method to extract the intrinsic frequency response, 
we take a further study to analyze the impact of the reverse bias voltage and the temperature on the frequency response of PDs. 
With the help of physical model, the experimental data and fitted results based on the reverse bias voltage and temperature sepa-
rately are discussed, then the most reliable intrinsic frequency response of a PD is obtained. 
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The trend in optical communication systems towards higher 
transmission rates has led to the development of wide- 
bandwidth optical receivers. The bandwidth of a PD is de-
termined by the response of extrinsic parasitic network and 
the intrinsic frequency response of the diode [1]. The mostly 
used fabricated PD actually contains package parasitic net-
work, chip parasitic network and intrinsic photodiode [2,3]. 
The intrinsic frequency response offers the upper limitation 
of the bandwidth of a PD, since the effect of all the parasitic 
network can be eliminated by elaborate design. 

To get the intrinsic frequency response of a PD, the re-
sponse of cascaded network including a modulator, a pho-
todiode and test fixtures is measured by vector network 
analyzer (VNA) in the conventional calibration method, and 
then the effect of the modulator and test fixtures is removed 
[4–6]. However, this method is much complicated, and the 
effect of parasitic parameter becomes obvious when the 
working frequency is increased. A simple method to extract 
the intrinsic frequency response was proposed based on the 
principle that the scattering parameters of parasitic network  

usually do not change with the bias voltage of photodiode 
[7]. However, the working temperature of a PD varies in 
practice use and has impact on the response characteristics, 
so the temperature factor should be taken into account when 
extracting the intrinsic frequency response. 

Just as the bias voltage, the temperature does not affect 
the scattering parameters of the parasitic network, thus we 
take a further study on the extraction method considering 
both temperature and bias voltage factors. In this paper, the 
theory of the extraction method is briefly described, and 
then the impact of temperature and bias voltage on the drift 
velocity of carriers in the photodiode is analyzed. By sub-
tracting and curve fitting the experimental data based on 
bias voltage and temperature separately, the results are ob-
tained and discussed upon the definition of parameters and 
physical meaning. The best result is selected after the com-
parison, thus the intrinsic frequency response of PD and the 
physical parameters are finally obtained. 

1  Theory of the extraction method 

The current of a p-i-n PD involves four parts: the carrier 
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drift current, the carrier diffusion current, the displacement 
current and the dark current [1,8]. After a simplified yet 
realistic analysis [1,9,10], the p-i-n PD current is the sum of 
the dark current, the displacement current and photocurrent 
as given by 

dark ( ),pd d n p
i

qI I I Nv Pv
W

= + + +          (1) 

where the dark current Idark and the displacement current Id 
have nothing to do with the optical signal. For an opti-
cal-input signal in 0 1 exp( )P P P jwt= + − , where P0 is the DC 

component of the optical power and P1 is the AC compo-
nent with angle frequency of ω. N and P are the numbers of 
electrons and holes in the i layer respectively. Wi is the 
width of the i layer, and is also the drift distance of the elec-
tron-hole pairs which are separated and accelerated in the 
opposite direction by the reverse electrical field. vn and vp 
are the velocities of electrons and holes, respectively. For 
InGaAs material, the drift velocities of electrons and holes 
vary with the temperature and the bias voltage [11,12], 
which would be described in the next section. vn and vp de-
termine the drift times of electrons and holes by 
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where 0<k<1 is a statistical coefficient that represents the 
position in the i layer where the electron-hole pairs origi-
nate. 

After relative derivation [7], the intrinsic frequency re-
sponse of the PD can be calculated by 
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This is the magnitude S21 parameter of the intrinsic PD. 
The definitions of the scattering parameters of lasers and 

PDs are different from the electric network [13], written as 
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where the indicators L and D represent laser and PD respec-
tively. The PD is constituted by two parts: the intrinsic PD 
is considered as a current source with a high resistance, and 
its S22 parameter is bias-independent when the applied re-
verse voltage is great enough. The scattering parameters of 

the photoelectric system including the laser and the intrinsic 
PD are given by 
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The whole network cascaded by the laser L, the intrinsic 
photodiode D and the extrinsic parasitic network P can be 
measured by the VNA, and the parameters S21 of the cas-
caded network can be expressed as 
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The two test ports of the calibrated network analyzer are 
SMA connectors. Therefore, the effects of the laser and the 
parasitic network cannot be eliminated from the measure-
ment. However, by subtracting a certain response from the 
other responses (in decibels), the effects of the laser source, 
the parasitic network, the test fixture and other frequency 
variations that do not change with the bias voltage can be 
eliminated [13]. The response of PD at one bias level minus 
that at another bias level is given by 
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The measured responses can be curve-fitted to eq. (9) on 
a computer under the least squared method. The sum of 
squared errors between the calculated and measured values 
of the subtracted response can be minimized using a 
quasi-Newton method and a finite-difference gradient. Fi-
nally, we obtain the physical parameters and get the intrin-
sic response of the p-i-n PD. 

2  The influence on the frequency response of 
the temperature and bias voltage 

The InGaAs PIN PD is selected to analyze the influence on 
the frequency response of the temperature and bias voltage. 
The noise of the photodiode increases with the ascending 
temperature, which influences the receiving sensitivity of 
PD. The drift velocities of the carriers in the intrinsic layer 
vary with temperature [11,12], and decline with the de-
creasing temperature at a high electrical field. So the drift 
time becomes longer, which affects the frequency response 
characteristic of PIN PD [14,15], shown as the decrease of 
the bandwidth of 3 dB. 

Windhorn et al. [11] described the relationship between 
the drift velocity of electron and the electrical field at dif-
ferent temperature, and depicted the effect of temperature 
on the electron saturation drift velocity. When the tempera-
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ture increases, both the electron drift velocity and the satu-
ration drift velocity decrease. The electron saturation drift 
velocity declines from 0.75×107 to 0.62×107 cm/s when the 
temperature increase from 95 to 300 K, but the electron drift 
velocity falls down faster than the electron saturation drift 
velocity. This literature did not express the variation of the 
electron drift velocity at different temperature and electrical 
fields. 

Based on the empirical equations and the experimental 
results, Mohammad et al. [12] revised the expression of the 
drift velocity of the carriers, considering the influence of 
temperature. The revised equation is written as 
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T is the absolute temperature, T0=300 K; vp is the max 
measured drift velocity; σ is an adjustable parameter; E is 
the electric field intensity, E0 is the value of E when the 
drift velocity reaches vp; for InGaAs material, σ=0.23, 
E0=4.1 kV/cm, vp=3.1×107 cm/s; vcT is the same one in [11] 
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where μLF is the low-field mobility of the carriers. For In-
GaAs material, the μLF of the electron is 1.05×104 cm2/V s 
and μLF of the hole is 420 cm2/V s. 

By substitution the eqs. (11)–(13) to eq. (10), the drift 
velocity of the carriers is expressed as 
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By utilizing eq. (14), the calculated electron drift velocity 
in the InGaAs intrinsic region is shown in Figure 1, which is 
consistent with the measured results in [11]. 

According to [1], another set of equations also agrees 
well with experimental data: 

 

Figure 1  The calculated drift velocity vs E for electron in InGaAs at 300 
and 325 K. 
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where μn and μp are the motilities of electrons and holes, VnL 
and VpL are high field velocities of electrons and holes, re-
spectively, β and r are adjustable parameters, and E is the 
reverse electrical field as given by ( ) / ,j bj iE V V W= −  

where Vbj is the space-charge drop, and Vj is the external 
reverse bias voltage. 

The calculated relationship of electron drift velocity and the 
bias voltage by eq. (15) is consistence with that by eq. (14). 
However, it is different to calculate the hole drift velocity 
when using the two equations above. As shown in Figure 2, 
the upper curve is calculated by eq. (16), and the lower 
curve is calculated by eq. (14). The upper curve shows that 
the hole drift velocity increases quickly at the beginning, 
and then keeps invariant when the electrical field is above 
30 kV/cm, while the lower curve shows that the hole drift 
velocity keeps increasing before the electrical field achieves 

 

Figure 2  The drift velocity vs E plot for holes in InGaAs calculated by 
eqs. (14) and (16). 
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70 kV/cm. Therefore, the fitting results can be quite differ-
ent when utilizing these two sets of equations. 

3  Experimental results 

3.1  The extraction method based on bias voltage 

The system setup is shown in Figure 3, including a VNA, a 
DFB laser, a coplanar microwave probe and an optical cou-
pling system. The PD under test is a high-speed InGaAs 
p-i-n PD with coplanar electrodes from Opto Speed. The 
lighwave source used in our experiment contains a DFB 
laser module and a 40-GHz LiNbO3 optical waveguide 
modulator from CODEON Inc. An HP8720D VNA is used 
to measure the frequency response of the PD chip by an 
on-wafer coplanar strip microwave probe ACP40-GS-200 
from Cascade Microtech Inc. The VNA is calibrated to two 
coaxial ports with a full two-port calibration. The probe is 
considered as a part of the parasitic network, and its effects 
can be removed in the subtraction procedures. 

Figure 4 gives the measured frequency response at dif-
ferent reverse bias voltage. The response is not flat, since 
the effects of parasitic network and probe are included in 
the measurement. It is also obvious that the frequency re-
sponse is higher and the 3 dB bandwidth becomes wider 
when the bias voltage is increasing. 

For convenience, we subtract the response at a lower bias 
voltage from that at a higher bias voltage. Since the rela- 

 

Figure 3  The system setup to measure frequency response of the photo-
diode chip. 

Table 1  Parameter values obtained by Fitting 1 

Parameter Value 

Wi (μm) 1.45 

k 0.245 

μn (cm2/V s) 1050 

μp (cm2/V s) 420 

VnL (cm/s) 8×106 

VpL (cm/s) 5×106 

β 7.4×10–10 

r 2.5 

 

Figure 4  The frequency response of photodiode at different bias volt-
ages. 

tionship between the drift velocity of the carriers and the 
bias voltage can be described in different equations, the 
fitting results using the same experimental data must be 
different. Figure 5 shows the fitting results calculated by eqs. 
(15) and (16). Table 1 gives the extracted values of the 
physical parameters of the PD. Figure 6 shows the fitting 
results calculated by eq. (14). Table 2 gives the extracted 
values of the physical parameters of the PD. 

 

Figure 5  Measured and fitted results for the subtracted frequency re-
sponse by eqs. (15) and (16). 

 
Figure 6  Measured and fitted results for the subtracted frequency re-
sponse by eq. (14). 
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Table 2  Parameter values obtained by Fitting 2 

Parameter Value 

Wi (μm) 1.27 

k 0.137 

μn (cm2/V s) 1050 

μp (cm2/V s) 420 

VnL (cm/s) 8×106 

VpL (cm/s) 4.85×106 

E0 (kV/cm) 4.1 

Vnl (cm/s) 3.1×107 

 

3.2  The extraction method based on temperature and 
bias voltage 

After the measurement of frequency response at different 
bias voltages, the temperature control system is added into 
the test system to measure the frequency response of PD at 
different temperature. 

With the reverse voltage biased at 0.28, 0.85, 1.8 V, we 
measure the frequency response of PD at 10, 25, 35, 45, 
50°C separately. Figure 7 shows the frequency response at 
different temperature and biased at 1.8 V, which shows that 
the frequency response decreases with the incremental tem-
perature. 

The relationship between the measured 3 dB bandwidth 
and the temperature at different bias voltage is shown in 
Figure 8. The bandwidth declines with the increasing tem-
perature when biased at the same voltage, while the band-
width can increase sharply when adding the reverse bias 
voltage at the same temperature. 

Figure 9 shows the subtracted frequency response of the 
PD at different temperature when the reverse voltage biased 
at 1.8 V. It is obvious to see that the curve of 323 K sub-
tracting from 283 K is the highest and the curve of 323 K 
subtracting from 308 K is the lowest. Their difference is 
less than 1 dB and is proportional to the range of the tem-
perature. When fixing the bias voltage and only changing  

 

Figure 7  Measured frequency response at different temperature when the 
reverse bias voltage is 1.8 V. 

 

Figure 8  Measured 3 dB bandwidth vs T at different bias voltage. 

 

Figure 9  Measured subtracted frequency response at different tempera-
ture when the reverse bias voltage is 1.8 V. 

the temperature, the difference of frequency response of the PD 
is very small. It means that the temperature factor has relative 
less influence on the frequency response of PD. The amplitude 
jitters of frequency response in Figure 9 might be caused by 
our self-made temperature control system which is not stable 
when its working temperature is set too high or too low. 

Since the temperature effect is not obvious to the re-
sponse of PD, we have to take into account the interaction 
of different temperature and different bias voltage to extract 
the intrinsic frequency response of the PD. We choose four 
sets of experimental conditions, and the reverse bias voltage 
and the temperature are set at 1.8 V 10°C, 0.28 V 50°C, 1.8 V 
20°C and 0.28 V 35°C in sequence. Then we subtract the 
results between 1.8 V 10°C and 0.28 V 50°C, and that be-
tween 1.8 V 20°C and 0.28 V 35°C. Figure 10 shows the 
fitting results calculated by eq. (14). Table 3 gives the ex-
tracted values of the physical parameters of PD. 

3.3  Analysis and comparison 

The parameters such as the width of the absorption region Wi 
and the position parameter k have relatively high impact on 
the frequency response. Yet other parameters such as the  
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Figure 10  Measured and fitted frequency response at different tempera-
ture and bias voltages. 

Table 3  Parameter values obtained by Fitting 3 

Parameter Value 

Wi (μm) 1.172 

k 0.157 

μn (cm2/V s) 1050 

μp (cm2/V s) 420 

VnL (cm/s) 8×106 

VpL (cm/s) 4.85×106 

E0 (kV/cm) 4.1 

Vnl (cm/s) 3.1×107 

 
saturation drift velocity are not important since they are the 
internal parameters belonging to the material itself, and are 
almost unchanged with the temperature and the bias voltage. 
For these less relevant parameters, we can select reasonable 
values and make them fixed in the fitting process. Table 4 
gives the key parameters Wi and k obtained from the three 
fitting methods. 

k indicates the position of the incident light. If the value 
of k is smaller, the incident position would be closer to the 
N region. Thus, the fitting results show that the photodiode 
is an N region incident type PD, which agrees with the facts. 
Also k reflects the original position of the photo-induced 
electrons and holes. The k should meet the equation: 
exp(–α×k×Wi)=0.5 because k is the center position of the 
photo-induced carriers, thus the calculated product of k×Wi 
is about 0.35. Then we compare the three fitting results, and 
find that the first method is reasonable. Therefore, the in-
trinsic frequency response of the p-i-n PD based on the first 
fitting method is drawn in Figure 11. 

Table 4  Comparison of three fitting results 

Fitting type Wi (μm) k 
Fitting 1 based on bias voltage 

(eqs. (19) and (20)) 
1.45 0.245 

Fitting 2 based on bias voltage 
(eq. (18)) 

1.27 0.137 

Fitting 3 based on bias voltage 
and temperature (eq. (18)) 

1.172 0.157 

 

Figure 11  Calculated intrinsic frequency response of the p-i-n PD. 

4  Conclusions 

The extraction method is a simple method to extract the 
intrinsic frequency response of PD. This paper performs 
three fitting processes based on the bias voltage and the 
temperature separately. However, it is not convenient to use 
the temperature box to control the temperature since the PD 
chip is placed on the probe test station; in addition, the 
probe is not suitable to work at high temperature, therefore 
the range of temperature is so limited that the results are not 
good when considering the factor of temperature. 

The significance to analyze the intrinsic frequency re-
sponse is listed as follows:  

(i) The upper limitation of the PD can be obtained. 
(ii) The extraction method supplies a simple way to char-

acterize the physical parameters of the active layer materi-
als. 

(iii) The parasitic parameters of the package network and 
the chip can be obtained by comparing with the results of 
packaged PD, and then with the equivalent circuit model of 
the whole PD can be established, consequently the compre-
hensive optimum design of the PD chip and its microwave 
packaging can be proceeded [16,17]. 

Moreover, the comprehensive extraction method can be 
further applied to other PDs that differ from the common p- 
i-n PDs, such as avalanche PDs, waveguide PDs, metal- 
semiconductor-metal PDs, etc. 
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