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In electro-optic detection of terahertz transients, the photodiodes of a differential detector are often
illuminated with optical powers on the order of several milliwatts. We present measurements that
show that the response of the photodiodes at these power levels is distorted, giving rise to
frequency-dependent amplitude and phase changes in the electrical signal from these diodes. We
find that these distortions significantly reduce the ability of the detector to suppress laser amplitude
noise. Surprisingly, this occurs at power levels at which the dc output of each photodiode shows no
sign of saturation. Based on our measurements, we provide experimenters with recommendations to
improve the amplitude noise suppression of a differential detector under high levels of
illumination. © 2005 American Institute of Physics. �DOI: 10.1063/1.1947667�

I. INTRODUCTION

Electro-optic sampling is a widely used method to detect
ultrafast electrical transients.1–3 It has become very popular
in terahertz science and technology, because it is a very sen-
sitive method to simultaneously detect both the amplitude
and the phase of the terahertz electric field. In electro-optic
sampling, the polarization of an optical probe pulse becomes
elliptical due to the presence of a terahertz electric field in a
nonlinear detection crystal, such as ZnTe. To measure the
ellipticity, the probe beam passes through a quarter-wave
plate and is split into two orthogonally polarized beams with
a polarizing beamsplitter. The difference in power of the two
beams is then measured with a differential photodetector. In
the absence of a terahertz electric field, the powers of the two
beams on the differential detector are equal, and the detector
is balanced. Any unbalance of the detector is then directly
proportional to the terahertz electric field in the detection
crystal. The advantage of differential detection is that noise
due to power fluctuations of the laser, common to both
beams, is suppressed, thereby greatly improving the sensitiv-
ity of the detection process.

If laser amplitude noise is suppressed by differential de-
tection and if electronic noise is avoided by a good detector
design, then laser shot noise will become the dominant noise
source.4 The signal is proportional to the probe beam power
and shot noise is proportional to the square root of the probe
power. Therefore, the dynamic range in a shot-noise limited
setup can only be increased by increasing the power in the
probe beam. For this reason, high-power photodiode illumi-
nation is very common in the terahertz field, where powers
are used of 10 mW or more per photodiode. The implicit
assumption in this is, however, that the photodiodes em-
ployed in the differential detector continue to behave prop-
erly under high-power illumination.

Here, we present experimental results that indicate two

effects that deteriorate the sensitivity of the differential de-
tector under high levels of illumination. First, we find that
the high-power illumination causes a strong reduction in the
detection bandwidth of our silicon photodiodes. Our experi-
ments show a reduction of the detection bandwidth from 800
to around 100 kHz for only several milliwatts of optical
power. Second, we find, associated with this bandwidth re-
duction, phase shifts in the electronic signal up to 100°.
When we increase the bias voltage across the photodiode, the
adverse effects of the high-power illumination are reduced.

In differential detection, the phase shifts induced at high
powers destroy the ability of the detector to suppress ampli-
tude noise, since no two photodiodes are identical, or are
illuminated in exactly the same way. Measurements of the
noise levels for a differential detector show an increase of the
amplitude noise of more than a factor 2. Our experiments
provides a clear insight into the negative effects of high-
power illumination on a differential detector. Based on this
insight, we suggest increasing the bias voltage over the pho-
todiodes, when the optical power on the photodiodes is high.
Additionally, the laser beam can be expanded to fill a large
part of the active area of the photodiodes. These two mea-
sures improve the response of the differential detector under
high levels of illumination, and ensure a good amplitude-
noise suppression.

II. MEASUREMENT SETUP

We employ two setups to investigate the effect of high-
power illumination: one that measures the response of a
single photodiode and one that measures the noise spectrum
from a differential detector. To investigate the response of a
single photodiode, a Si PIN photodiode �BPW34s� is illumi-
nated by a Ti:sapphire oscillator. This oscillator produces
pulses with a pulse length of about 15 fs and a repetition rate
of 80 MHz. The Ti:sapphire oscillator can be considered as a
continuous source, because its repetition rate is much higher
than the bandwidth of the detector, which is about 1 MHz.a�Electronic mail: n.c.j.vandervalk@tnw.tudelft.nl
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As shown in Fig. 1�a�, the Ti:sapphire beam propagates
collinear with a beam from a low-power semiconductor laser
with a wavelength of 670 nm. This semiconductor laser gen-
erates square-wave pulses with a duration of 2 �s and a rep-
etition rate of 1 kHz. We study the influence of the Ti:sap-
phire illumination on the photodiode response to the pulses
from the semiconductor laser. The Ti:sapphire beam has an
average power of several milliwatts and the peak power of
the square-wave pulses is about 35 �W. Both beams are fo-
cused onto the same position on the BPW34s silicon PIN
photodiode. This photodiode has an active area of 2.65
�2.65 mm, of which only a small fraction is illuminated. We
estimate that the foci of the two beams have diameters on the
order of 200 �m.

Figure 1�b� shows a schematic of the detector in which
the photodiode is embedded. The photodiode is reversed-
biased by a variable voltage Vbias. In the detector the ampli-
fier with the feedback resistor has the double function of
amplifying the signal, while keeping the voltage over the
photodiode fixed, independent of the illumination level. For
bias voltages larger than 1 V, the detector has a low-power
bandwidth of 800 kHz. The signal from the detector is mea-
sured with the digital oscilloscope for different values of the
power of the Ti:sapphire beam and for different values of the
bias voltage across the photodiode.

The setup for measuring the noise from the differential-
detector setup is shown in Fig. 2�a�. In this setup a beam
from the Ti:sapphire oscillator is split into two beams, hav-
ing equal power, by a Wollaston prism. Each beam is focused
onto one of the photodiodes of a differential detector. Figure
2�b� shows a schematic of this detector. Both �BPW34s sili-

con PIN� photodiodes are reversed-biased with a 5 V volt-
age. The difference between the currents through the two
photodiodes is amplified. The detector design ensures a con-
stant bias voltage over the photodiodes. When not illumi-
nated, the detector has a noise level of only 0.06 �V Hz−1/2.
The diameter of the foci are again on the order of 200 �m.

III. RESULTS

Figure 3 shows the response of the single photodiode to
the 2-�s-long pulses of the diode laser for different power
levels of the Ti:sapphire beam. The top figure shows a time
trace of a 13 �s part of the measurement, which has a total
duration of 1 ms. The measurements for Ti:sapphire laser
power levels at 6.7 and 3.7 mW should be compared with the
reference measurement, which is obtained with the Ti:sap-
phire beam blocked. Figure 3�a� shows that the electrical
signal from the photodiode is deformed and broadened in the
presence of the Ti:sapphire beam. It is also observed that the
peak of the pulse shifts forward in time.

The effect of the Ti:sapphire illumination on the photo-
diode response becomes more apparent in the spectra of the
measurements. The fast Fourier transforms �FFT� of the
measurements for Ti:sapphire laser powers of 6.7 and
3.7 mW are divided by the FFT of the reference measure-
ment. This results in the amplitude spectra in Fig. 3�b� and in
the phase spectra in Fig. 3�c�. From Fig. 3�b� it can be seen
that the dc ��=0� response from the detector shows no sign
of photodiode saturation, even for a Ti:sapphire power of
6.7 mW.

The amplitude and phase spectra show a remarkably
strong influence of the Ti:sapphire background power on the
ability of the photodiode to detect the pulses from the semi-

FIG. 1. Schematics for the single-photodiode measurement. �a� A semicon-
ductor laser is switched on/off by the pulses from the function generator,
which are also used to trigger the oscilloscope. The beam from the semi-
conductor laser is combined with a beam from the Ti:sapphire oscillator and
focused onto the detector �D�. The signal from the detector is recorded with
the digital oscilloscope. �b� Schematics of the detector with a single photo-
diode. R is the feedback resistance, Vbias is the bias voltage over the photo-
diode, and Vout is the output voltage of the detector.

FIG. 2. Schematics of the differential detector setup. �a� The concept of the
measurement. A Ti:sapphire beam is split into equal parts by a Wollaston
prism �WP�. The two beams are then focused on the two photodiodes of the
detector. �b� A schematic of the electronics of the detector. The two photo-
diodes are each reversed biased with a voltage Vbias. The difference in the
currents through the photodiodes is amplified to the output voltage Vout.
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conductor laser. The amplitudes of the spectra in Fig. 3�b�
are unity at low frequencies, but decrease rapidly at higher
frequencies. The −3 dB frequency is 196 kHz for 3.7 mW
Ti:sapphire power and 126 kHz for 6.7 mW Ti:sapphire
power. Remarkably, in Fig. 3�c�, we see also that the phase
of the electrical signal rises from zero to a maximum of
55.7° at 297 kHz for 3.7 mW and 96.8° at 192 kHz for
6.7 mW.

Figure 4 shows the results of measurements with the
single-photodiode detector, where the power of the Ti:sap-
phire beam is kept constant at 6.7 mW and the bias voltage is
varied. The corresponding amplitude and phase spectra in,

respectively, Figs. 4�a� and 4�b� show that the effect of the
Ti:sapphire background power on the response of the photo-
diode is a strong function of the bias voltage. For the 20 V
bias, there is only a moderate effect on the photodiode re-
sponse. The amplitude decreases slightly at high frequencies
and the phase changes moderately with a linear slope of
0.059° /kHz. However, the photodiode response changes
dramatically for smaller bias voltages. For a 2.5 V bias, the
relative amplitude increases to 1.1, before it sharply de-
creases with a −3 dB point at 111 kHz. The phase shift at the
2.5 V bias has a peak of almost 180° at 188 kHz. We note
that the features in Fig. 4 are not caused by a change in the
capacitance of the photodiode due to the change in the bias
voltage. The capacitance of the photodiode changes with the
bias voltage, but this has been corrected for by dividing the
spectrum for the illuminated photodiode at each bias voltage
with a reference measurement at that bias voltage with the
Ti:sapphire laser blocked. Our measurements also indicate a
second way to decrease the amplitude and phase distortions
on the electrical signal. When we removed the focusing lens
before the detector and thus increased the diameter of the
probe spot on the photodiodes to about 2 mm, barely any
distortions were measured �measurements not shown here�,
although the total optical power on the photodiodes was un-
changed. In this configuration, the amplitude distortion was

FIG. 3. Measurement results for the illumination-dependent response of the
single photodiode. �a� The measured signal as a function of time for Ti:sap-
phire power levels of 6.7 and 3.7 mW, along with the reference measure-
ment, which is recorded with the Ti:sapphire beam blocked. �b� and �c� The
amplitude and the phase response calculated from the measurement.

FIG. 4. Single photodiode amplitude �a� and phase �b� response as a func-
tion of frequency for different bias voltages over the photodiode.
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less than 5% and the phase distortion was less than 2°.
It is clear from the previous results that the response of

the photodiode changes drastically under high levels of illu-
mination. To study the effect of this on differential detection,
we show in Fig. 5 the noise spectra of the differential detec-
tor described in Fig. 2, measured for different values of the
power of the Ti:sapphire beam.

The spectra in Fig. 5 are approximately flat for low illu-
mination levels as is appropriate for a shot-noise limited de-
tector. However, at higher illumination levels a bump
emerges that narrows and increases in amplitude, until at
7.7 mW illumination the peak of the bump at 110 kHz is
more than twice the noise amplitude at 20 kHz. For high
power illumination �1.5, 4.1, and 7.7 mW�, the noise level is
seen to decrease at high frequencies. The amplitude noise at
400 kHz for 7.7 mW illumination is even lower than for
0.8 mW illumination. We note that the sharp peak in Fig. 5 at
180 kHz is a characteristic line of the amplitude noise spec-
trum of our laser. The increase of this peak toward higher
powers is a clear proof that the differential detector has a
reduced ability to suppress laser noise.

IV. DISCUSSION

The results in Figs. 3 and 4 clearly show that the band-
widths of our photodiodes are strongly reduced, when the
diodes are illuminated with a high average power. Coupled
to this bandwidth reduction is a phase change that can reach
values up to 100°. To evaluate the physical origin of this
bandwidth reduction and phase change, we calculate that
these effects occur at an average optical power density on the
order of 10 W/cm2. Using a photodiode response of
0.49 A/W,4 this corresponds to a current density of
5 A/cm2. Luccovsky et al.5 found that the space-charge-
induced field in a silicon PIN photodiode does not perturb
the bias field up to current densities of 10 A/cm2, provided
that the bias voltage is sufficiently large to saturate the car-
rier drift velocities. Indeed, we find substantial improve-
ments for increased bias voltages �Fig. 4�, which suggest that

saturation velocities are not yet reached in our measure-
ments.

In literature, there are previous reports that high-power
illumination on a photodiode can reduce the measurement
bandwidth. However, we are surprised to find that an effect is
already observed below 100 kHz, while previous reports, as
far as we know, all deal with frequencies above 100 MHz.6–8

Although this difference is probably caused by differences in
carrier lifetimes and in the photodiode internal structure, this
is not something that we completely understand.

We can explain the results obtained with the differential
detector using the results for the single-photodiode detector.
The single-photodiode measurement shows that at high lev-
els of illumination the sensitivity of an individual photodiode
decreases with frequency. This causes the noise decrease
seen at high frequencies in Fig. 5. We note that this reduction
of the noise will not cause an improvement of the signal to
noise ratio, since the sensitivity of the differential detector to
any signal is also reduced.

As discussed in Sec. III, we measure an increase of the
noise from the differential detector under high levels of illu-
mination. This can be explained, if the phase response of the
two photodiodes in the differential detector is slightly differ-
ent, since such a difference has a dramatic effect on the abil-
ity of the detector to suppress the amplitude noise from the
laser. A difference in the response of the two photodiodes can
easily be caused by a difference in the size or position of the
foci on the photodiodes or by a difference within the fabri-
cation tolerances of the photodiodes. A phase difference of
only 11.5° would decrease the amplitude noise suppression
to 20 dB.

It is clear that high-illumination levels can cause prob-
lems in differential detection. However, our work provides
useful insights that can be used to prevent these problems. A
large improvement can be reached by increasing the bias
voltage over the photodiodes. At higher bias voltages, the
generated electron-hole pairs are more quickly removed from
the depletion region, and thus the local carrier density is
lower. As seen in Fig. 4, this substantially decreases the ef-
fect of the illumination on both the amplitude and the phase
response of the detector.

Additionally, the problems can be reduced by increasing
the diameter of illuminated region on the photodiodes, since
our measurements show that this significantly reduces the
saturation effects. Clipping at the edges of the photodiodes
should, however, be avoided, since this can introduce an ex-
tra noise source due to vibrations.
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