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A B S T R A C T   

The effect of temperature on dosimetric measurements is a major limitation of solid-state dosimeters. This is 
especially true for PIN photodiode dosimeters, where the dark current depends exponentially on temperature. To 
minimize this effect, a compensation method is presented that relies on the diode structure itself without the 
need for an external sensor or device. During irradiation, the photodiode is periodically switched from reverse to 
forward polarization to determine the temperature of the device. This measurement is based on the linear 
dependence between the temperature and the forward voltage of the diode when it is operated at constant 
current. An electronic circuit implementing this procedure was developed and used for experimental charac-
terization of the response to radiation of the BPW34S Si PIN photodiode. The proposed procedure reduced the 
uncertainty due to thermal drift by a factor of 7.5. In addition, an average dose rate sensitivity of 12 ± 2 nC/cGy 
was measured, with a sensitivity degradation below 2% for the irradiation cycle of 21.4 Gy performed under a 6 
MV photon beam. We have shown that a p-n junction can be successfully used to compensate for the temperature 
effect on the dosimetric measurement.   

1. Introduction 

Radiotherapy is one of the most common and effective treatments for 
solid cancers. In radiotherapy, it is essential to adequately determine the 
absorbed dose to ensure a proper tumour cells damage while preserving 
healthy cells as much as possible. Ionization chambers are the most 
commonly used devices for radiotherapy dosimetry. The ionization 
chamber is connected to an electrometer both to apply the required 
electric field by means of a bias voltage and also to measure the charge 
induced by the radiation, integrating the current. This system presents 
some limitations compared to semiconductor-based systems, such as 
comparatively higher cost, larger size, and high voltage requirement for 
biasing. As an alternative or complement, some current-mode semi-
conductor devices have been studied for the same purpose, such as 
photodiodes and phototransistors [1–3]. Silicon diodes work in a similar 
way as ionization chambers. In this case, the detection volume is the 
depletion region, and it can operate in two different modes: photovoltaic 

mode, when the electric field for charge separation is internal, or 
photoconductive mode, when an electric field is externally applied. The 
induced photocurrent is usually measured with an external electrometer 
as well. This magnitude can be related to the radiation dose rate, and the 
absorbed dose is proportional to the integral of the current over the 
exposure time [4–6]. 

Some authors have proposed the use of low-cost commercial opto-
electronic detectors such as light-dependent resistors (LDR) as dosimetry 
detectors [7–9]. The LDR operation is based on the resistivity change 
due to the generation of electron-hole pairs as a result of the absorption 
of photons. Other devices used in radiotherapy, particularly for in vivo 
dosimetry, are MOSFETs (metal–oxidesemiconductor field effect tran-
sistors). MOSFETs offer several advantages for dosimetry applications, 
such as immediate and non-destructive readouts, low power consump-
tion, easy calibration, and reasonable sensitivity and reproducibility 
[10–13]. Because the sensitivity of MOSFET dosimeters in the unbiased 
mode is low, and at high dose rates the linearity of their response is 
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reduced, efforts to increase the sensitivity of MOSFET dosimeters have 
involved their manufacture with a special technological process to 
achieve a thick gate oxide (more than 200 nm). The resulting devices are 
known as RADFETs (Radiation Field Effect Transistor) [14–16]. 

However, semiconductor-based systems generally present an 
important limitation due to their temperature dependence, hindering an 
accurate dose measurement. This issue has been tackled by some authors 
in different solid-state dosimeters. For thermal correction in RADFETs, 
different strategies have been described. The most direct one is to set it 
at the bias point with the minimum temperature coefficient, in the so- 
called drain current condition, IZTC [17]. Another thermal compensa-
tion method is based on differential measurements of the source–drain 
voltage of two identical MOSFETs. These transistors are biased using the 
same current during readout but irradiated at different gate–source 
voltages. Consequently, they have different sensitivities to radiation, 
which produces different source–drain voltage shifts. Nevertheless, 
thermal fluctuation is the same in the two transistors and the difference 
is minimized by applying a differential measurement [18]. Another 
strategy was proposed using a custom read-out system applying two or 
three drain currents to the same RADFET [19]. Furthermore, the same 
authors developed a thermal compensation technique using the parasitic 
diode for DMOS transistor dosimeters [20]. 

In this work, based on a similar idea to the one used for thermal 
compensation of DMOS transistors, a PIN photodiode is thermally 
studied, and a thermal compensation method is hereby presented and 
applied. Our proposal consists in periodically measuring the forward 
voltage (VγVF) as a method to measure the temperature of the device. 
This value is employed for the thermal correction of the reverse dark 
current (IS), which is the baseline of the radiation-induced photocurrent 
and the main contributor to its thermal drift. Therefore, as a prerequi-
site, the temperature dependence of both the forward voltage [21–24] 
and the photodiode dark current must be accurately characterised. In 
short, the PIN photodiode will be forward biased for temperature mea-
surement mode, and reverse biased for dose rate determination mode. 
Moreover, a thermal compensated read-out unit has been redesigned to 
implement the proposed procedure [25]. 

2. Materials and methods 

PIN photodiode BPW34S (Vishay, Malvern, Pennsylvania, USA) was 
selected as the dosimetric sensor. The reason for this choice was that this 
optoelectronic device has already been characterised as radiation de-
tector for irradiations typically applied in radiotherapy treatments, 

showing a promising response in terms of sensitivity and reproducibility 
[3,26]. Two experimental device characterizations were conducted: (i) a 
complete modelling of the dependence with the temperature in reverse 
(dark current) and under forward biasing, and (ii) its response to 
ionizing radiation in reverse biasing. In both cases, each device under 
test (DUT) was painted with black nail polish and, in addition, they were 
placed into a box to shield it from environmental light. 

A total of eleven samples were employed for the thermal character-
ization. Six samples were divided in two groups of three devices. One 
group was used for the thermal modelling of forward biased DUT at 
constant current, and the other for the validation of the proposed model, 
respectively. Moreover, thermal dependence of the dark current under 
reverse biasing was measured in five samples. For temperature- 
controlled tests, samples were placed inside a climate chamber 
VCL4006 (Vötsch Industrietechnik, Balingen-Frommern, Germany). To 
monitor the temperature more accurately, a digital thermometer RS 
408–6109 (Amidata S.A., Madrid, Spain) with an accuracy of 0.1 ◦C was 
placed inside the chamber close to the photodiodes. To minimize the 
infrared radiation produced by the chamber while heating, the photo-
diodes box was also covered with aluminium foil. Then, current–voltage 
characteristic curves were measured at different temperatures with the 
Semiconductor Analyzer B1500A (Agilent Technologies, Santa Clara, 
USA). To perform the thermal characterization, temperature sweeps 
from 10 to 35 ◦C in steps of 5 ◦C were conducted, and the photodiodes 
were forward biased in the range from 0 to 2 mA by the Semiconductor 
Analyser. 

In the second step, the dosimetric characterization of the photodi-
odes was performed. Eight samples of the BPW34S were irradiated with 
a linear accelerator (LINAC) Siemens Artiste (Siemens Healthcare 
GmbH, Erlangen, Germany), placed at the “Hospital Universitario 
Clínico San Cecilio” (Granada, Spain). The photon beam was produced 
with an electric potential of 6 MV. DUTs were located in the radiation 
isocenter (at 100 cm away from the source) and were irradiated with a 
field size of 10x10 cm2. To achieve the electronic equilibrium, two solid 
water phantoms of 1 cm each were placed over the DUT. In addition, five 
solid water phantoms were placed under the DUT, as Fig. 1 shows. The 
majority of radiation detectors, including PIN photodiodes, measure the 
energy inside the volume of matter by the charge created inside it. That 
is the reason why a suitable measurement must be done with the de-
tector in electronic equilibrium condition, where the charge entering the 
volume by external process would be approximately equal to the loss of 
charge created by internal process [4]. 

With these irradiation conditions, in terms of delivered dose, one 

Fig. 1. Experimental setup for the dosimetric characterization of the photodiode radiation response. Solid water layers are shown under and over the box containing 
the devices under test. 
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monitor unit (MU) of the LINAC corresponds to 0.973 cGy (calibrated at 
300 MU/min with a pulse duration of 3 μs and a pulse repetition fre-
quency of 222 Hz). The constancy checks performed on the LINAC 
ensure that the absorbed dose per monitor unit varies less than 0.5% 
throughout the tests. Using this configuration and varying pulse repe-
tition frequency, instantaneous dose rates of 50, 100, 150, 200, 250 and 
300 MU/min (0.81 cGy/s, 1.62 cGy/s, 2.13 cGy/s, 3.24 cGy/s, 4.05 
cGy/s, and 4.87 cGy/s respectively) were applied to characterize the 

photodiodes response to radiation. The 90-minute irradiation cycle 
consists of a six-step decreasing instantaneous dose rate staircase from 
4.87 to 0.81 cGy/s, a six-step increasing instantaneous dose rate stair-
case from 0.81 to 4.87 cGy/s, and a last step of 0.81 cGy/s. Between each 
step, a period without irradiation of 2 min was applied. In all cases, each 
dose rate step duration was calculated to deliver a constant value of 200 
MU. 

To measure the induced photocurrent, photodiodes were always 
reverse biased at − 10 V. To avoid electromagnetic interference on the 
photodiode’s output current, the readout system was placed into the 
treatment room but out of the irradiation field. Moreover, the system 
was shielded by a 3-mm-thick lead layer to protect it from radiation and 
connected to a computer, placed outside of the treatment room, through 
an USB cable. More details of the experimental setup and conditions can 
be consulted elsewhere [26]. For both experimental characterizations, 
relative uncertainties were obtained as the quadratic propagation of 
experimental data and one standard deviation of each individual result. 
Data will be graphically presented as mean with a covering factor k = 1 
(1 standard deviation). 

3. Results and discussion 

3.1. 3.1. Thermal compensation technique 

Our proposal relies on the linear relationship between the forward 
voltage, VF, of a p-n junction and temperature [27] as a means to 
monitor the device temperature. Let us consider the current–voltage 
curve of a forward biased diode: 

I = IsÂ⋅exp(qVF/2kT), (1)  

where I is the junction current, Is is the saturation current, q is the ab-
solute value of the charge of an electron, VF is the diode forward voltage, 
k is the Boltzmann constant and T is the absolute temperature. It can be 
shown that the temperature-dependent voltage across the junction can 
be expressed as: 

VF =
Eg

q
−

2kT
q

(lnK − lnI), (2)  

where Eg is the energy band gap for silicon at 0 K, and K is a temperature 
independent constant. Therefore, when the diode is operated under 
constant current, the voltage is linearly dependent on temperature, with 
a typical slope around − 2 mV/K. 

Once this linear temperature coefficient has been modelled, just with 
the experimental measurement of VF, temperature can be measured in 
the volume device at any time. Therefore, thermal drift of the dark 
current can be corrected with this calculated temperature. Provided the 
periodic VF monitoring, this methodology can be applied to monitor 
device temperature in real time. Therefore, both forward and reverse 
biasing must be alternatively applied to the device under irradiation to 
conduct this procedure as it will be explained below in the readout 
system description. 

Thermal dependence of VF at constant current was measured by 
biasing at 1 mA to reduce device self-heating by Joule effect. In Fig. 2a, 
the linear dependence of VF with the temperature is clearly obtained for 
the modelling group. The average linear temperature coefficient, α, was 
calculated as the average of the thermal coefficient of the three photo-
diodes studied, resulting α = (− 2.32 ± 0.01) mV/K. Therefore, this 
linear model provides us an accurate determination of the device tem-
perature, just measuring VF, that is objectively simpler than measuring 
the temperature itself. Moreover, we get an additional advantage: this is 
the temperature in the detector volume. This thermal model has been 
validated with the validation group in Fig. 2b. In this Fig. 2b, both the 
average temperature dependence of the three diodes (black symbols) 
and their correction with the fitting from Fig. 2a are shown (grey sym-
bols). On the other hand, Fig. 2c depicts, with squared symbols, the 

Fig. 2. (a) VF at constant drain current (ID = 1 mA) vs. temperature for the 
modelling group. Experimental data are shown with symbols and linear fitting 
with the dotted line. Average values of the three sensors are presented. Error 
bars are smaller than symbols (b) VF vs. temperature at 1 mA for the validation 
group of sensors. Black symbols and line are the experimental data and the 
linear fitting respectively, and grey ones represent the temperature correction 
given by the modelling from Fig. 2a. Error bars are smaller than symbols (c). 
Dark current, IS, showing experimental data (squared symbols) and the expo-
nential fitting (dotted line symbols) at reverse bias of 10 V. 
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temperature dependence of the dark current measured in the same 
conditions as during irradiation, that is, with a reverse voltage of − 10 V. 
We can see the expectable exponential behaviour according to the 
theoretical model of this parameter [28]. Fig. 2b also shows the excel-
lent exponential fitting (dotted line) of experimental data. Both the 
theoretical models and the fitting parameters are shown in Table 1. 
These results will ensure an accurate temperature correction of the dark 
current and, therefore, of the baseline of the induced photocurrent of 
this device used as a dosimetric sensor, as it will be shown below. 
Moreover, we have to remark the fact that under irradiation, the induced 
photocurrent is in the hundreds of nA, which is negligible with respect to 
the forward current (1 mA) in the temperature measurement mode and, 
therefore, it has no effect in the temperature compensation procedure. 

3.2. System description and operation 

The described two-phase procedure, reverse- and forward-biasing of 
the PIN photodiode, has been periodically conducted throughout all the 
dosimetric characterisation previously described. This has provided a 
continuous and accurate monitoring of the device temperature and a 
real-time thermal drift compensation method. To do so, we have 
developed a dosimetric system consisting of a reader unit with the bias 
module, which is connected to a personal computer for data transfer and 
unit powering. This device is based on a previous design [20]. Fig. 3 
shows the complete architecture of the reader unit, pointing out the 
selectable photodiode biasing. With this same purpose, the analog 
switch ADG419 (Analog Devices, Massachusetts, USA) has been 
included in the reader unit. Its purpose is to disconnect the sensors from 
the reverse bias voltage (VR) and connect them between ground and 
current sink, thus allowing the measurement of the forward voltage. 
With this topology, it is possible to alternatively measure both VF and 
the induced photocurrent. 

When the topology to measure induced current by radiation is 
selected by the microcontroller, the photodiode is biased at − 10 V and 
the current generated is related to the dose rate (top signal path in 
Fig. 3a). After that, the reader unit switches to measure VF. To do this, 
the analog switch disconnects the photodiodes photodiode from bias 

Table 1 
Modelling of VγF and IS dependences with the temperature.   

VF vs. T IS vs. T 

Theoretical model VF = αÂ⋅T + β IS = AÂ⋅eB•T 

Fitting parameters α = (-2.32 ± 0.01) mV/Kβ =
(614 ± 2) mV 
R2 = 0.9999 

A = (1.7 ± 0.3) AB =
(0.096 ± 0.007) K− 1 

R2 = 0.9977  

Fig. 3. (a) Schematic of the reader unit showing the signal path for forward bias (F) and for reverse bias and irradiation mode (R). In this circuit, the reverse voltage 
is VR = -10 V and forward current ID = 1 mA. Final connection to computer is also shown. (b) Current sink circuit for forward biasing the photodiode based on LM344 
chip with compensation of the temperature effect. 
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voltage and I/V converter and connects them between ground and sink 
current. Now, VF is measured through the buffer and the amplifier, both 
based on the operational amplifier TL072 (Texas Instruments, Dallas, 
TX, USA) (bottom signal path in Fig. 3a). A configurable sink current 
designed with LM334 chip (Texas Instruments, Texas, USA) was also 
added to bias the photodiodes in the forward region (Fig. 3b). The 
current sink, ID, was selected to minimize the temperature coefficient 
(LTC) of the LM334 [29]. The circuit shown in Fig. 4 balances the pos-
itive LTC of the LM334 with the negative LTC of the forward-biased 
silicon diode. The diode used was 1 N4148 (Vishay, Malvern, 

Pennsylvania, USA), and the resistors R1 and R2 were configured to 
select the desired current, 3.3 kΩ and 33kΩ, respectively. With this 
configuration ID was set to 1 mA, to reduce diode self-heating. 

The two operation modes can be observed in the timing chart 
depicted in Fig. 4. Time period of this two-phase procedure was 1 s to 
ensure signal stabilisation. During phase I, the photodiode is forward- 
biased to measure VF and then, to calculate the device temperature. 
Afterwards, the dosimetric behaviour can be measured with the photo-
diode reverse-biased in phase II. 

Fig. 4. Screenshot from an oscilloscope of the system operation. Yellow and blue lines show reverse and forward voltages respectively, that are applied in phases I 
and II. Phase I stands for temperature measurement in forward bias and phase II for photocurrent measurement, including compensation of the temperature effect. 
Green line, VS0, is the output voltage in Fig. 3a. 

Fig. 5. Temperature drift of the sample #4 during the irradiation experiment with the proposed procedure. Shaded interval represents experimental data un-
certainties (coverage factor k = 1). 
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3.3. Thermal compensation of the response to the radiation 

Using the procedure of temperature determination described in 
Section 3.1, Fig. 5 shows the temperature drift of the sample #4 under 
the irradiation experiment described above. As mentioned above, 
acquisition frequency of the device temperature was 1 Hz, demon-
strating that it is suitable to monitor this slow changing magnitude in 
this experimental condition. A heating of 0.35 ◦C can be measured due 
to the energy deposition by the photon beam and self-heating. Consid-
ering the exponential temperature trend of the dark current, this thermal 
drift results in a non-negligible baseline drift. Therefore, it should be 
corrected to obtain an accurate dose rate determination. 

Fig. 6 displays the photodiode current of the complete irradiation 
cycle of the sample #4. Fig. 6 inset zooms the baseline data, that is, the 
dark current. Blue dots depict the uncompensated baseline with a total 
drift of 0.20nA. This value represents a relative error of 1.5% in the 
worst case (for the lower dose rate, 0.81 cGy/s). Once our compensation 
method is applied, red dots are obtained, resulting in a maximum rela-
tive error of 0.2%, thus achieving a significant reduction of the baseline 
linear thermal drift by a factor of 7.5. As a consequence, these figures 
prove the effectiveness of the proposed procedure by taking advantage 
of a p-n junction as an accurate and linear temperature sensor. With this 
temperature correction, the photodiode sensitivity, S, was obtained as 
the slope of the linear fit of the induced current (nA) as a function of dose 

rate (cGy/s) for each device. Fig. 7 shows the radiation sensitivity of 
each irradiated photodiode. The average sensitivity can be calculated, 
obtaining S = 12 ± 2 nC/cGy (coverage factor k = 1). This result is 
similar to the previously obtained value of 13.8 ± 0.4 nC/cGy [26]. The 
slightly lower measured sensitivity can be explained because the 
photodiode is forward biased for a fraction of time to implement the 
temperature compensation procedure, instead of being always reversed 

Fig. 6. Experimental photocurrent during the dosimetric characterization of the sample #4 showing the proposed complete irradiation cycle. Inset shows the zoomed 
dark current before (Is4, blue dots) and after (Is4_corrected, red dots) thermal compensation. 

Fig. 7. Photodiode sensitivity to instantaneous dose rate. Experimental data uncertainties correspond to a coverage factor k = 1. Line shows the average sensitivity.  

Fig. 8. Photocurrents versus high to low (diamond symbols) and low to high 
(square symbols). Lines show the linear tendencies. Experimental data un-
certainties are shown with bars (coverage factor k = 1). 
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while the irradiation. Therefore, when the device is not reverse biased, 
its sensitivity decreases because of a lower capability of electron-hole 
separation before recombination, generating lower photocurrent. 

As shown in Fig. 6, to determine the repeatability and stability of the 
sensor response, high to low and low to high dose rate irradiation cycles 
were applied and sensitivity degradation was found below 2% in the 
dose range up to 21.4 Gy. The degradation was calculated as the relative 
decrease of both slopes in percentage in the whole irradiation cycle (see 
Fig. 8). Table 2 shows the fitting parameters of curves from Fig. 8, 
obtaining the mentioned slight decrease of the sensitivity in the second 
part of the irradiation cycle (from low to high dose rate). 

4. Conclusions 

A method for thermal compensation of radiation-induced current in 
photodiodes has been presented and experimentally tested. It is based on 
the linear dependence between temperature and forward voltage (VγF) 
of a p-n junction. In fact, measuring this forward voltage, we can 
monitor the device temperature and correct the highly thermal sensitive 
dark current. It has the advantage that no external sensors are needed to 
obtain the temperature. To do that, only a few modifications have been 
introduced in the reader unit previously developed by our research 
group. 

To check the algorithm, the BPW34S Si PIN photodiode was used as a 
current-mode radiation sensor. Applying the compensation algorithm 
implemented in the reader, the thermal drift of the photodiode dark 
current was reduced from 1.5% to 0.2% for the lower dose rate. More-
over, with an accumulated dose of 21.4 Gy of photon beams of 6 MV, a 
sensitivity degradation below 2% and an average sensitivity of 12 ± 2 
nC/cGy were obtained, which is in agreement with previous results. 
Therefore, the procedure presented in this work is suitable to model and 
reduce the thermal dependence in measured radiation-induced current 
of photodiodes. 
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