
Silicon photodiodes are semiconductor devices responsive to high-
energy particles and photons. Photodiodes operate by absorption of 
photons or charged particles and generate a flow of current in an ex-
ternal circuit, proportional to the incident power. Photodiodes can be 
used to detect the presence or absence of minute quantities of light 
and can be calibrated for extremely accurate measurements from in-
tensities below 1 pW/cm 2  to intensities above 100 mW/cm2. Silicon 
photodiodes are utilized in such diverse applications as spectroscopy, 
photography, analytical instrumentation, optical position sensors, beam 
alignment, surface characterization, laser range finders, optical com-
munications, and medical imaging instruments. 

PLANAR DIFFUSED SILICON PHOTODIODE 
CONSTRUCTION 

Planar diffused silicon photodiodes are simply P-N junction diodes. A 
P-N junction can be formed by diffusing either a P-type impurity (an-
ode), such as Boron, into a N-type bulk silicon wafer, or a N-type 
impurity, such as Phosphorous, into a P-type bulk silicon wafer. The 
diffused area defines the photodiode active area. To form an ohmic 
contact another impurity diffusion into the backside of the wafer is 
necessary. The impurity is an N-type for P-type active area and P-type 
for an N-type active area. The contact pads are deposited on the front 
active area on defined areas, and on the backside, completely coveting 
the device. The active area is then deposited onwith an anti-reflection 
coating to reduce the reflection of the light for a specific predefined 
wavelength. The non-active area on the top is covered with a thick 
layer of silicon oxide. By controlling the thickness of bulk substrate, 
the speed and responsivity of the photodiode can be controlled. Note 

-that -the photodiodes, whett biaseti, turst be-operated -in the reverse 
bias mode, i.e. a negative voltage applied to anode and positive volt-
age to cathode. 
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Figure 1. Planar diffused silicon photodiode 

PRINCIPLE OF OPERATION 

Silicon is a semiconductor with a band gap energy of 1.12 eV at room 
temperature. This is the gap between the valence band and the con-
duction band. At absolute zero temperature the valence band is com-
pletely filled and the conduction band is vacant. As the temperature 
increases, the electrons become excited and escalate from the valence 

band to the conduction band by thermal energy. The electrons can 
also be escalated to the conduction band by particles or photons with 
energies greater than 1.12eV, which corresponds to wavelengths shorter 
than 1100 urn. The resulting electrons in the conduction band are free 
to conduct current. 

Due to concentration gradient, the diffusion of electrons from the N-
type region to the P-type region and the diffusion of holes from the P-
type region to the N-type region, develops a built-in voltage across 
the junction. The inter-diffusion of electrons and holes between the N 
and P regions across the junction results in a region with no free carri-
ers. This is the depletion region. The built-in voltage across the deple-
tion region results in an electric field with maximum at the junction 
and no field outside of the depletion region. Any applied reverse bias 
adds to the built in voltage and results in a wider depletion region. 
The electron-hole pairs generated by light are swept away by drift in 
the depletion region and are collected by diffusion from the undepleted 
region. The current generated is proportional to the incident light or 
radiation power. The light is absorbed exponentially with distance and 
is proportional to the absorption coefficient. The absorption coeffi-
cient is very high for shorter wavelengths in the UV region and is small 
for longer wavelengths (Figure 2). Hence, short wavelength photons 
such as UV, are absorbed in a thin top surface layer while silicon be-
comes transparent to light wavelengths longer than 1200 urn. More-
over, photons with energies smaller than the bandgap are not absorbed 
at all. 
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Figure 2. Penetration depth of light into silicon substrate for 
various wavelengths. 

ELECTRICAL CHARACTERISTICS 

A silicon photodiocle can be represented by a current source in parallel 
with an ideal diode (Figure. 3). The current source represents the 
current generated by the incident radiation, and the diode represents 

V  
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AVOID DIRECT LIGHT 

Since the spectral response of silicon photodiode includes the visible light region, care must be taken to avoid photodiode exposure to high 
ambient light levels, particularly from tungsten sources or sunlight. During shipment from UDT Sensors, your photodiodes are packaged in 
opaque, padded containers to avoid ambient light exposure and damage due to shock from dropping or jarring. 

AVOID SHARP PHYSICAL SHOCK 

Photodiodes can be rendered inoperable if dropped or sharply jarred. The wire bonds are delicate and can become separated from the photodiode's 
bonding pads when the detector is dropped or otherwise receives a sharp physical blow. 

CLEAN WINDOWS WITH OPTICAL GRADE CLOTH / TISSUE 

Most windows on UDT Sensors photodiodes are either silicon or quartz. They should be cleaned with isopropyl alcohol and a soft (optical 
grade) pad. 

OBSERVE STORAGE TEMPERATURES AND HUMIDITY LEVELS 

Photodiode exposure to extreme high or low storage temperatures can affect the subsequent performance of a silicon photodiocle. Storage 
temperature guidelines are presented in the photodiode performance specifications of this catalog. 

OBSERVE ELECTROSTATIC DISCHARGE (ESD) PRECAUTIONS 

UDT Sensors photodiodes, especially with IC devices (e.g. Photops) are considered ESD sensitive. The photodiodes are shipped in ESD 
protective packaging. When unpacking and using these products, anti-ESD precautions should be observed. 

DO NOT EXPOSE PHOTODIODES TO HARSH CHEMICALS 

Photodiode packages and/or operation may be impaired if exposed to CHLOROTHENE, THINNER, ACETONE, or TRICHLOROETHYL-
ENE. 

INSTALL WITH CARE 

Most photodiodes in this catalog are provided with wire or pin leads for installation in circuit boards or sockets. Observe the soldering 
temperatures and conditions specified below: 

Soldering Iron: 

Dip Soaring: 

Vapor Phase Soldering-

&flow Soldering: 

Soldering 30W or less 
Temperature at tip of iron 300°C or lower. 

Bath Temperature: 260±5°C. 
Immersion Time: within 5 Sec. 
Soldering Time: within 3 Sec. 

DO NOT USE 

DO NOT USE 

Photodiodes in plastic packages should be given special care. Clear plastic packages are more sensitive to environmental stress than those of 
black plastic. Storing devices in high humidity can present problems when soldering. Since the rapid heating during soldering stresses the wire 
bonds and can cause wire to bonding pad separation, it is recommended that devices in plastic packages to be baked for 24 hours at 85°C. 

The leads on the photodiode SHOULD NOT BE FORMED. If your application requires lead spacing modification, please contact 'UDT 
Sensors Applications group before forming a product's leads. Product warranties could be voided. 
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Figure 3. Equivalent Circuit for the silicon photodiode 

the p-n junction. In addition, a junction capacitance (9 and a shunt 
resistance (R) are in parallel with the other components. Series re- 
sistance (R s) is connected in series with all components in this model. 
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Shunt resistance is the slope of the current-voltage curve of the photo-
diode at the origin, i.e. V=0. Although an ideal photodiode should 
have a shunt resistance of infinite, actual values range from 10s to 
1000s of Mega ohms. Experimentally it is obtained by applying ±10 
mV, measuring the current and calculating the resistance. Shunt resis-
tance is used to determine the noise current in the photodiode with no 
bias (photovoltaic mode). For best photodiode performance the high-
est shunt resistance is desired. 

&YLagAteack R s  

Series resistance of a photociiode arises from the resistance of the con- 
tacts and the resistance of the undepleted silicon (Figure 1). It is given 
by:  

) Rs  = 	19 s 	d  + Rc 	 (1) 
A 

Where Ws, is the thickness of the substrate, Wa  is the width of the 
depleted region, A is the diffused area of the junction, pis the resistiv-
ity of the substrate and Rc, is the contact resistance. Series resistance is 
used to determine the linearity of the photodiode in photovoltaic mode 
(no bias, V=0). Although an ideal photodiode should have no series 
resistance, typical values ranging from 10 to 1000 ohm is measured. 

Junction Capacitance,  Cs  

The boundaries of the depletion region act as the plates of a parallel 
plate capacitor (Figure 1). The junction capacitance is directly pro-
portional to the diffused area and inversely proportional to the width 
of the depletion region. In addition, higher resistivity substrates have 
lower junction capacitance. Furthermore, the capacitance is depen-
dent on the reverse bias as follows:  

= 	800,4  
Cj  	, 

112es,eopp(VA  +Jim) 	 ( 2 )  

where e0= 8.854x10- '4 F/cm, is the pennittivity of free space, esi=11.9 
is the silicon dielectric constant, p= 1400 cm 2Ns is the mobility of the 
electrons at 300 °K, p is the resistivity of the silicon, V,, is the built-in 
voltage of silicon and V, is the applied bias. Figure 4 shows the depen-
dence of the capacitance on the applied reverse bias voltage. Junction 
capacitance is used to determine the speed of the response of the pho-
todiode. 

Rise/Fall 71me and Frequency Response,  ts / tf/ fia  

The rise time and fall time of a photodickle is defined as the time for 
the signal to rise or fall from 10% to 90% or 90% to 10 42/0 of the final 
value respectively. This parameter can be also expressed as frequency 
response, which is the frequency at which the photodiode output de-
creases by 3dB. It is roughly approximated by: 

tr  = f 
0.35  

( 3  ) ue  

There are three factors defining the response time of a photodiode: 

town, the charge collection time of the carriers in the depleted 
region of the photodiode. 

trupusED, the charge collection time of the carriers in the 
undepleted region of the photodiode. 

3. 	t the RC time constant of the diode-circuit combination. 

tit, is determined by tw=2.2 RC, where R, is the sum of the diode 
series resistance and the load resistance (It s  + Rd, and C, is the sum of 
the photodiode junction and the stray capacitances (C.+C s). Since the 
junction capacitance (C1) is dependent on the diffused of the pho-
todiode and the applied reverse bias (Equation 2), faster rise times are 
obtained with smaller diffused area photodiodes, and larger applied 
reverse biases. In addition, stray capacitance can be minimized by 
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using short leads, and careful lay-out of the electronic components. 
The total rise time is determined by: 

2 # 2 
tR 4 	2  1thurr liffRuRED I RC 	 ( 4) 

Generally, in photovoltaic mode of operation (no bias), rise time is 
dominated by the diffusion time for diffused areas less than 5 mm 2  and 
by RC time constant for larger diffused areas for all wavelengths. When 
operated in photoconductive mode (applied reverse bias), if the pho-
todiode is fully depleted, such as fiber optic series, the dominant factor 
is the drift time. In non-fully depleted photodiodes, however, all three 
factors contribute to the response time. 

OPTICAL CHARACTERISTICS 

Resportsivity, R A  

The responsivity of a silicon photodiode is a measure of the sensitivity 
to light, and it is defined as the ratio of the photocuffent I ,, to the 
incident light power P at a given wavelength: 

D  
( 5  ) 

Responsivity increases slightl),  with applied reverse bias due to im-
proved charge collection efficiency in photodiode. Also there are 
responsivity variations due to change in temperature as shown in fig-
ures 6 and 7. This is due to decrease or increase of the band gap, 
because of increase or decrease in the temperature respectively. Spec-
tral responsivity may vary from lot to lot and it is dependent on wave-
length. However, the relative variations in responsivity can be re-
duced to less than 1% on a selected basis. 

Figure 6. 'Temperature Dependance of Responsivity 

In another words, it is a measure of the effectiveness of the conversion 
of the light power into electrical current. It varies with the wavelength 
of the incident light (Figure 5) as well as applied reverse bias and tem-
perature. 

Figure 7. Temperature Coefficient of Silicon Photodiode 
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Figure 5. Typical Spectral Responsivity of Several Different 
Types of Planar Diffused Photodiodes 

OlgigHilLeirificfiCA Q.E. 

Quantum efficiency is defined as the percentage of the incident pho-
tons that contribute to photocurrent It is related to responsivity by: 
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RA. Observed  

121 hiia  (100%) 

—
hc 

=RA  
 ( 6 ) 

R 
=1.24 x103  

A 

where h=6.63 x 10-34  J -s, is the Planck constant, c=3 x 1(.0 m/s, is the 
speed of light, q=1.6 x 10- ' 9  C, is the electron charge, R I  is the 
responsivity in AJW and X is the wavelength in am. 

Non-Uniformity 

Non-Uniformity of response is defined as variations of responsivity 
observed over the surface of the photodiode active area with a small 
spot of light. Non-uniformity is inversely proportional to spot size, 
i.e. larger non-uniformity for smaller spot size. 

Non-Linearity 

A silicon photodiode is considered linear if the generated photocur- 
rent increases linear41 with the incident light power. Photocurrent 
linearity is determined by measuring the small change in photocurrent 
as a result of a small change in the incident light power as a function of 
total photocurrent or incident light power. Non-Linearity is the varia- 
tion of the ratio of the change in photocuffent to the same change in 
light power, i.e. AI/AP. In another words, linearity exhibits the consis- 
tency of responsivity over a range of light power. Non-linearity of less 
than ±1% are specified over 6-9 decades for planar diffused photo- 
diodes. The lower limit of the photocurrent linearity is detennined by 
the noise current and the upper limit by the series resistance and the 
load resistance. As the photocurrent increases, first the non-linearity 
sets in, gradually increasing with increasing photocurrent, and finally 
at saturation level, the photocurrent remains constant with increasing 
incident light power. In general, the change in photocuffent generated 
for the same change in incident light power, is smaller at higher current 
levels, when the photodetector exhibits non-linearity. The linearity range 
can slightly be extended by applying a reverse bias to the photodiode. 

I-V CHARACTERISTICS 

The current-voltage characteristic of a photodiode with no incident 
light is similar to a rectifying diode. When the photodiode is forward 
biased, there is an exponential increase in the current. When a reverse 
bias is applied, a small reverse saturation current appears. It is related 
to dark current as: 

x 10 -23  J I °K, is the Boltzmann Constant and T is the absolute tem-
perature (273 °K= 0 °C). 

Figure S. Characteristic IV Curves of a UDT photodiode for PC 
and PV modes of operation. P 0-P2  represent different light levels. 

This relationship is shown in figure 8. From equation 7, three various 
states can be defined: 

a) V =0, 	In this state, the current becomes the reverse satu- 
ration current. 

b) V = +V, 	In this state the current increases exponentially. This 
state is also known as forward bias mode. 

c) V = -V, 	When a reverse bias is applied to the photodiode, 
the current behaves as shown in figure 8. 

Illuminating the photodiode with optical radiation, shifts the I-V curve 
by the amount of photoourrent (4). Thus: 

le 
I 	

A 
Tom = I SAT  e kir  —1 +Ip 	 ( 8  ) 

where Ip is defined as the photocurrent in equation 5. 

As the applied reverse bias increases, there is a sharp increase in the 
photodiode current. The applied reverse bias at this point is referred to 
as breakdown voltage. This is the maximum applied reverse bias, be-
low which, the photodiode should be operated (also known as maxi-
mum reverse voltage). Breakdown voltage, varies from one photo-
diode to another and is usually measured, for small active areas, at a 
photodiode current of 10 gA. 

NOISE 

In a photodiode two sources of noise can be identified. Shot noise and 
	  Johnson noise: 

(E
t  ) 

I D = I sAT e kjr  —I 	 ( 7  ) 

where /D  is the photodiode dark current, / is the reverse saturation 
current, q is the electron charge, V, is the applied bias voltage, lcH=1 .38 
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Shot Noise 

Shot noise is related to the statistical fluctuation in both the photocur-
rent and the dark current. The magnitude of the shot noise is ex-
pressed as the root mean square (rms) noise current: 
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= 112q (lp + )4f 	 ( 9  ) 

Where q=1.6x1049C, is the electron charge, II, is the photogenerated 
current, /B is the photodetector dark current and Af is the noise mea-
surement bandwidth. Shot noise is the dominating source when oper-
ating in photoconductive (biased) mode. 

Thermal or Johnson Noise 

The shunt resistance in a photodetector has a Johnson noise associ-
ated with it. This is due to the thermal generation of carriers. The 
magnitude of the this generated current noise is: 

r .114kBnif  
in 	Rsti 	 ( 10 ) 

Where kB=1.38 x 10-23 rK, is the Boltzmann Constant, T, is the abso-
lute temperature in degrees Kelvin (273 °K= 0 °C), Af is the noise 
measurement bandwidth and Ray  , is the shunt resistance of the photo-
diode. This type of noise is the dominant current noise in photovoltaic 
(unbiased) operation mode. 

Note: All resistors have a Johnson noise associated with them, in-
cluding the load resistor This additional noise current is large and 
adds to the Johnson noise current caused by the photodetector shunt 
resistance. 

Total Noise 

The total noise current generated in a photodetector is determined by 

it„ = + if: ( 11 ) 

Noise Equivalent Power (NEP) 

Noise Equivalent Power is the amount of incident light power on a 
photodetector, which generates a photocurrent equal to the noise cur-
rent. NEP is defined as: 

NEP = -1-'2  ( 12 ) 
PhatQcothiudbmAtedaP_C). 

TEMPERATU'RE EFFECTS 

All photodiode characteristics are affected by the change in tempera-
ture. They include shunt resistance, dark current, breakdown voltage, 
responsivity and to a lesser extent other parameters such as junction 
capacitance. 

Shunt Resistance and Dark Current: 
There are two major currents in a photodiode contributing to dark 
current and shunt resistance. Diffusion current is the dominating fac-
tor in a photovoltaic (unbiased) mode of operation, which determines 
the shunt resistance. It varies as square of the temperature. In photo-
conductive mode (reverse biased), however, the dnft current becomes 
the dominant current (dark current) and varies directly with tempera-
ture. Thus, change in temperature affects the photodetector more in 
photovoltaic mode than in photoconductive mode of operation. 
In photoconductive mode the dark current may approximately double 
for every 10°C increase change in temperature. And in photovoltaic 
mode, shunt resistance may approximately double for every 6°C de-
crease in temperature. The exact change is dependent on additional 
parameters such as the applied reverse bias, resistivity of the substrate 
as well as the thickness of the substrate. 

DreakDown Voltage:  
For small active area devices, by definition breakdown voltage is de-
fined as the voltage at which the dark current becomes 1011A. Since 
dark current increases with temperature, therefore, breakdown volt-
age decreases similarly with increase in temperature. 

Responsiviv -  
Effects of temperature in responsivity are discussed in the 
"Responsivity" section of these notes. 

BIASING 

A photodiode signal can be measured as a voltage or a current. Cur-
rent measurement demonstrates far better linearity, offset, and band-
width performance. The generated photocurrent is proportional to 
the incident light power and it requires to be converted to voltage 
using a transimpedance configuration. The photodiode can be oper-
ated with or without an applied reverse bias depending on the applica-
tion specific requirements. They are referred to as "Photoconductive" 
(biased) and "Photovoltaic" (unbiased) modes. 

Where RA, is the responsivity in A/W and I. is the total noise of the 
photodetector. NEP values can vary from 10 -u WAillzfor large active 
area photodiodes down to 10 -15 W /4Hz for small active area photo-
diodes. 

Application of a reverse bias (i.e. cathode positive, anode negative) 
can greatly improve the speed of response and linearity of the devices. 
This is due to increase in the depletion region width and consequently 
decrease in junction capacitance. Applying a reverse bias, however, 
will increase the dark and noise currents. An example of low light 
level / high-speed response operated in photoconductive mode is shown 
in figure 9. 
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In this configuration the detector is biased to reduce junction capaci-
tance thus reducing noise and rise time (9. A two stage amplification 
is used in this example since a high gain with a wide bandwidth is 
required. The two stages include a transimpedance pre-amp for cur-
rent-to-voltage conversion and a non-inverting amplifier for voltage 
amplification. Gain and bandwidth (fke  ) are directly determined 
by R3, per equations (13) and (14) . The gain of the second stage is 
approximated by 1+ R1  / R2. A feedback capacitor (CF) will limit the 
frequency response and avoids gain peaking. 

CF  

Figure 9. Photoconductive mode of operation circuit example: 
Low Light Level / Wide Bandwidth 

GBP  f3a8 rim(Hz)= II 
27C RF  (CI  + CF  + CA  ) 	 ( 13 ) 

 

Where GBP is the Gain Bandwidth Product of amplifier (A i) and CA  is 
the amplifier input capacitance. 

Gain(7
W l 

 )=Vmr  = RF(1+ 11\ 	 ( 14 ) 
p 	R2  

In low speed applications, a large gain, e.g. >101140 can be achieved 
by introducing a large value (Rd without the need for the second stage. 

Typical component used in this configuration are: 

Amplifier 	CLC-425, CLC-446, OPA-637, or similar. 
RF 	 I to 10 KO Typical, depending on C j  
Rt: 	 10 to 50 kfl 
R2 	 0.5 to 10 kf/ 

: 	0.2 to 2 pF 

In high speed, high light level measurements, however, a different ap-
proach is preferred. The most common example is pulse width mea -
surements of short pulse gas lasers, solid state laser diodes, or any 
other similar short pulse light source. The photodiode output can be 
either directly connected to an oscilloscope (Figure 10) or fed to a fast 
response amplifier. When using an oscilloscope, the bandwidth of the 

scope can be adjusted to the pulse width of the light source for maxi-
mum signal to noise ratio. In this application the bias voltage is lame. 
Two opposing protection diodes should be connected to the input of 
the oscilloscope across the input and ground. 

your 

Figure 10. Photoconductive mode of operation circuit example:  
High Light Level / High Speed Response 

To avoid ringing in the output signal, the cable between the detector 
and the oscilloscope should be short (i.e. < 20cm) and temiinated with 
a 50 ohm load resistor (R). The photodiode should be enclosed in a 
metallic box, if possible, with short leads between the detector and the 
capacitor, and between the detector and the coaxial cable. The metal-
lic box should be tied through a capacitor (C 1), with lead length (L) 
less than 2 cm, where RL  c, >10 T (T is the pulse width in seconds). R3  
is chosen such that R < Villa  /10 Imo  where Inc  is the DC photocur-
rent. Bandwidth is defined as 0.35 /T. A minimum of 10V reverse bias 
is necessary for this application. Note that a bias larger than the pho-
todiode maximum reverse voltage should not be applied. 

Platmlisgakals_M 

The photovoltaic mode of operation (unbiased) is preferred when a 
photodiode is used in low frequency applications (up to 350 kHz) as 
well as ultra low light level applications. In addition to offering a 
simple operational configuration, the photocurrents in this mode have 
less variations in responsivity with temperature. An example of an 
ultra low light level / low speed is shown in figure 11. 

c. 

Figure 11. Photovoltaic mode of operation circuit example: Ultra  
low level light/low speed 
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In this example, a FET input operational amplifier as well as a large 
resistance feedback resistor (RF) is considered. The detector is unbi-
ased to eliminate any additional noise current. The total output is 
determined by equation (15) and the op-amp noise current is deter-
mined by RF. in equation (16): 

your = IpXRF 

An. _ 1114kT  

I N  (17IZ-)  — RF  

where k=1.38 x 1043  VK and T is temperature in °K. 

For stability, select CF  such that 

' 	GBP 1  

CA) 
\ > ,,), il. r  

1127r RF (C i ÷ CF + .. _ .. A j 	Awe, Av....F. 

( 15 ) 

( 16 ) 

( 17 ) 

Operating bandwidth, after gain peaking compensation is: 

fop  (Hz) =,.. 
Jr- 
	 

r RFC F 

Some recommended components for this configuration are: 

Amplifier: 	OP-15, OP-16, OP-17 or similar. 
Rf: 	 500M0 

( 18 ) 

Figure 12. Circuit example for a multi-element, common 
cathode array 

These examples or any other configurations for single photodiodes 
can be applied to any of UDT Sensors' monolithic, common substrate 
liner array photodiodes. The output of the first stage pre-amplifiers 
can be connected to a sample and hold circuit and a multiplexer. Fig-
ure 12 shows the block diagram for such configuration. 
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