
Abstract—Electron multiplying charge coupled devices 

(EMCCDs) have revolutionized the world of low light imaging 

by introducing on-chip multiplication gain based on the impact 

ionization effect in the silicon. They combine the sub-electron 

readout noise with high frame rates. Signal-to-noise Ratio 

(SNR) is an important performance parameter for 

low-light-level imaging systems. This work investigates the 

SNR performance of an EMCCD operated in Non-inverted 

Mode (NIMO) and Inverted Mode (IMO). The theory of noise 

characteristics and operation modes is presented. The results 

show that the SNR of is determined by dark current and clock 

induced charge at high gain level. The optimum SNR 

performance is provided by an EMCCD operated in NIMO in 

short exposure and strong cooling applications. In contrast, an 

IMO EMCCD is preferable. 

Keywords—electron multiplying charge coupled devices, 

noise characteristics, operation modes, signal-to-noise ratio 

performance 

I. INTRODUCTION

LECTRON multiplying charge coupled devices (EMCCDs) 

were first introduced to the digital imaging world by E2V 

Technologies in 2001. They combine the single photon 

detection sensitivity of an ICCD or an EBCCD with the 

inherent advantages of the CCD.  EMCCDs have long lifetime, 

small volume, low consume, high spatial resolution and 

quantum efficiency but without cross-talk, chicken-wire, 

scintillation, halo effects and the reduced QE. All of these 

advantages are attributed to the unique all-solid-state electron 

multiplying structure built into the silicon, which amplify the 

signal above readout noise floor in charge domain. This allows 

the EMCCD to run at much faster readout speeds while 

retaining an excellent imaging quality. EMCCD cameras have 

proven to be powerful tools and are consequently used in a 

wide range of fields such as engineering research, biological 

sciences, astronomical and photometry applications, as in 

[1]–[3].  
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Signal-to-noise ratio (SNR) performance is a key parameter 

for low-light-level imaging systems. It determines the limit 

resolution capability. Therefore, the higher the SNR, the better 

the ability of the system to resolve objects under photon starved 

conditions, as in [4]. The purpose of this paper is to compare 

the noise characteristics in different operation modes and 

determine the optimum SNR performance of the EMCCD. The 

structure and principle of operation of the EMCCD is well 

known [2,3] and so only an overview will be given in Section �.

EMCCDs have two operation modes: Non-inverted Mode 

Operation (NIMO) and Inverted Mode Operation (IMO). 

Section � describes noise characteristics of the EMCCD in 

different operation modes. Section � compares the SNR 

variations for both operation modes and concludes the optimum 

SNR performance of the EMCCD.  

II. THE PRINCIPLE OF EMCCD OPERATION

A frame transfer EMCCD usually consists of five 

components: image section, storage section, readout register, 

multiplying register and on-chip charge to voltage converter. 

Except the image region, other parts are protected from light by 

an aluminium mask, as shown in Fig. 1. 

Fig.1 Schematic diagram of an EMCCD 

During integration time, the image section is exposed to light 

and an image is captured. This image is then automatically 

shifted downwards to storage area which is always identical in 

size to the image area and then read out. While the image is 

being read out, the image section is again exposed and the next 

image is acquired. The aluminium mask therefore acts like an 

electronic shutter. Then the charge is shifted out through the 

readout register and into the multiplication register, where 
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amplification occurs by harnessing a process known as impact 

ionization, as in [5]. 

Each element of electron multiplying register is composed of 

four gates, as shown in Fig. 2. Two of the gates ( 1 and 3) are 

clocked with normal amplitude drive pulses (~10 Volts) and 

can use the same pulses as those applied to two phases of the 

readout register. The pulses applied to 2 of the multiplication 

element have higher amplitude, typically 40~45 Volts. A gate is 

placed prior to 2, which is held at a low DC level. The 

potential difference between dc and the high level of 2 can 

be set sufficiently high so that signal electrons can undergo 

impact ionization processes as they are transferred from 1 to 

2 during the normal clocking sequence. Thus the number of 

electrons in the charge packet increases as it passes through a 

multiplication element, as in [6], [7]. Although the 

multiplication gain per transfer is very low, only around X 

1.01~X 1.015. The total gain of the cascaded multiplication is 

quite significant. For example, with X1.015 multiplication per 

transfer over 591 transfers (in the case of the CCD65), a gain of 

1.015 to the power of 591, equaling X 6630, is achieved, as in 

[8]. 

Fig.2 Charge transfer through a multiplication element 

III. NOISE CHARACTERISTICS

In an EMCCD, noise components consist of photon shot 

noise, dark current noise, clock induced charge noise, noise 

factor and readout noise.  

A. Photon Shot Noise 

Photon shot noise is due to the particle nature of photons and 

results from the inherent statistical variation in the arrival rate 

of photons incident on the CCD. It is a fundamental property of 

the quantum nature of light and unavoidable in imaging 

systems. Photon shot noise constitutes the theoretical noise 

limitation of any low-light-level imaging system, as in [9]. The 

interval between photon arrivals is governed by Poisson 

statistics, and therefore, the photon shot noise is equivalent to 

the square-root of the signal: 

pN S P t  (1) 

where S  is detected signal, P  is mean incident photon flux, 

 is quantum efficiency of the EMCCD, t  is integration time. 

B. Dark Current Noise 

Dark current is caused by thermally generated electrons in 

the silicon substrate, which is independent of photon-induced 

signal, but highly dependent on device temperature. Generally 

three different dark current components contributes to total 

dark current in an EMCCD: the dark current generated at the 

silicon surface (surface dark current, caused by Si-SiO2

interface states), the dark current generated in the depletion 

region, and the diffusion dark current generated in the field-free 

region. The latter two types are usually called bulk dark 

current.

For an EMCCD operated in NIMO (also called Normal 

Mode), clocks applied to image section is positive. Signal 

channel and Si-SiO2 interface states are depleted of free carriers 

thus maximizing dark current generation. In NIMO, dark 

current is determined by the density of Si-SiO2 interface states. 

Therefore, the surface dark current is dominant, being typically 

two orders greater than the bulk dark current, as shown in Fig.3. 

Fig.3 Surface and bulk dark current versus temperature 

The surface dark current in nA/cm2 given by, as in [10]: 
3122 exp( 6400 / )d sI I T T  (2) 

where dI  is the total dark current of the EMCCD, T is the 

device operation temperature in Kelvin. 

For an EMCCD operated in IMO (also called Multi Pinned 

Phase, MPP), clocks applied to image section is negative. 

Signal channel is inverted and surface potential beneath each 

phase is pinned to substrate potential. Biasing the array clocks 

in this manner causes holes from the p+ channel stops to 

migrate and populate the Si-SiO2 interface states. Thermally 

generated electrons can’t hop from the valance band to the 

conduction band through Si-SiO2 interface states. Hence the 

surface dark current generation is almost complete suppressed 

in IMO, as in [11]. Reference [10] shows that the depletion dark 

current dominants at the temperature below ~240K. It is 

described by: 

exp( / 2 )n

d b gI I CT E kT  (3) 

where bI  is the bulk dark current, C  is constant, 

[1,3]n , gE  is the band gap energy of silicon, k is

Boltzmann’s constant. 
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If the temperature is above ~300K, the diffusion dark current 

forms dominant contribution, which can be given by: 

exp( / )n

d b gI I CT E kT  (4) 

If the temperature is between 240K~300K, both depletion 

dark current and diffusion dark current are important. To 

describe the temperature variation of dark current in this 

intermediate region, E2V technologies scaling relationship was 

developed: 
6 23.3 10 exp( 9080 / )d bI I T T  (5) 

In similarity to photon shot noise, dark current noise follows 

a Poisson relationship to dark current, and is equivalent to the 

square-root of the number of thermal electrons generated 

within the image integration time: 

d dN I t  (6) 

Cooling the EMCCD reduces the dark current dramatically, 

and in practice, high performance cameras are usually cooled to 

a temperature at which dark current is negligible over a typical 

integration interval. 

C. Clock Induced Charge Noise 

When a CCD is driven into inversion, holes from the channel 

stops migrate and collect beneath the gate pinning the surface 

substrate potential. Some of the holes become trapped at the 

Si-SiO2 interface states. When the clock is switched out of 

inversion to transfer charge the trapped holes are accelerated 

out of the Si-SiO2 interface states. Some holes are released with 

sufficient energy to create electron-hole pairs by impact 

ionization. These spurious electrons are collected in the nearest 

potential well and called Clock Induced Charge (CIC) or 

Spurious Charge. CIC events are generated in every CCD but 

are normally completely buried in the readout noise, thus 

ignored. However, for the EMCCD at high gain, even 

individual electrons can be seen as sharp spikes in the image. 

Since the dark current noise is minimized to negligible level 

through effective cooling, clock induced charge becomes the 

main noise source.  

For an EMCCD operated in NIMO, Si-SiO2 interface states 

are holes-depleted and a typical CIC value of approximately 

3×10-6e-/pixel/transfer for typical clock amplitudes. For an 

EMCCD operated in IMO, Si-SiO2 interface states are 

completely populated with holes and the CIC increases to 

approximately 1×10-4e-/pixel/transfer at normal clock 

amplitudes, as show in Fig. 4. CIC increases exponentially with 

clock amplitudes and rising edge speeds. It also increases 

linearly on the number of parallel transfers that take place. CIC 

is integration time and temperature independent. The noise 

caused by CIC acts as shot noise, which is given by: 

cN mc  (7) 

where m  is the total number of parallel transfers, c  is typical 

CIC value in different operation modes. 

Fig.4 Typical clock induce charge for operation in IMO and NIMO 

D. Noise Factor 

Due to the probabilistic nature of the impact ionization 

process utilized in the EMCCD, a statistical variation occurs in 

the on-chip multiplication gain. The uncertainty in the gain 

produced introduces an additional system noise component, 

which is evaluated quantitatively as the noise factor F . It can 

be defined by the following, as in [12]: 
2

2

2 2

out

in

F
G

 (8) 

where G  is total multiplication gain, 
2

in  and 
2

out  are the 

variances of the input and output signals respectively. If the 

gain process is ideal and adds no noise then noise factor will be 

unity. However, the stochastic multiplication process and any 

loss mechanisms introduce noise. It has been proved by 

theoretical and experimental analysis that noise factor of an 

EMCCD approaches to a value of 2 at high gain. 

E. Readout Noise 

Readout noise is a combination of system noise components 

inherent to the process of converting signal charge carriers into 

a voltage signal for quantification, and the subsequent 

electronic circuitry and analog-to-digital (A/D) conversion. 

The major contribution to readout noise usually originates with 

the on-chip preamplifier, and this noise is added uniformly to 

each image pixel. Certain types of noise in the output amplifier 

are frequency dependent and the required readout rate or frame 

rate partially determine the readout noise specification and its 

practical effect on overall SNR level, as in [13]. For 

conventional CCDs, readout noise becomes dominant noise at 

high frame rates. High performance camera systems always 

utilize design enhancements (e.g. Correlated Double Sampling 

Technique) that dramatically reduce the significance of readout 

noise. In an EMCCD, effective readout noise is reduced to 

sub-electron level when multiplication gain is high enough, 

therefore eliminating this primary contribution to the 

instrumental detection limit.  
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F. Total Noise 

Due to the architecture of the EMCCD, noise sources 

entering the multiplication register will be multiplied up along 

with signal charge, such as photon shot noise, dark current 

noise and clock induced charge. Thus, total noise generated by 

an EMCCD is given by: 

2 2 2 2 2 2( )tot p d c rN F G N N N N  (9) 

where rN   is readout noise. 

IV. OPTIMUM SNR PERFORMANCE & CONCLUSION

From the above noise descriptions, it is apparent that dark 

current noise is obvious in NIMO and clock induced charge 

noise is evident in IMO. Here we compare the SNR 

performance in two different operation modes and determine 

the optimum SNR of the EMCCD. The SNR of an EMCCD can 

be expressed as follows: 

2

2 ( )
tot

r
d

S P t
SNR

N N
F P t I t mc

G

 (10) 

Therefore, the SNR in NIMO and IMO is separately given 

by: 

2

2 ( )

ni

r
s ni

P t
SNR

N
F P t I t mc

G

 (11) 

2

2 ( )

i

r
b i

P t
SNR

N
F P t I t mc

G

 (12) 

where nic  and ic  are typical CIC values in NIMO and IMO. 

A front-illuminated EMCCD was chosen for simulation with 

following parameters: =50%, rN =20 e- rms, m =1000,

nic =3×10-6e-/pixel/transfer, ic =1×10-4e-/pixel/transfer, 

F = 2 , G =1000. Firstly, we assume an integration time of 

20ms. Fig. 5 and 6 shows the SNR variation as a function of 

mean incident photon flux in NIMO and IMO when the sensor 

temperature is 300K and 240K respectively. Comparing Fig. 5 

and 6, the SNR performance in IMO always outperforms that in 

NIMO. However, the SNR difference between NIMO and IMO 

is small at low temperature, because the dark current noise 

decreases drastically at 240K and the SNR in NIMO is 

improved significantly in low-light-level conditions.  

Fig. 5 Variation of the SNR versus signal in NIMO and IMO at 20ms 

integration time, with high temperature (T=300K). 

Fig. 6 Variation of the SNR versus signal in NIMO and IMO at 20ms 

integration time, with low temperature (T=240K).

Secondly, we assume mean incident photon flux arriving at 

the EMCCD equals 1000 photons/pixel/s. Fig. 7 and 8 shows 

the SNR variation as a function of integration time in NIMO 

and IMO when the sensor temperature is 300K and 240K 

respectively.

Fig. 7 Variation of the SNR versus integration time in NIMO and IMO 

at 1000 photons/pixel/s mean incident photon flux, with high 

temperature (T=300K). 
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Fig. 8 Variation of the SNR versus integration time in NIMO and IMO 

at1000 photons/pixel/s mean incident photon flux, with low 

temperature (T=240K).

In Fig. 7, for an integration time roughly less than 10-5

second, the SNR in NIMO is prior to that in IMO at 300K. 

Since the photon shot noise and dark current noise are both 

functions of integration time, they are negligible at very short 

exposure. CIC noise becomes the dominant noise source and 

determines the SNR performances. In Fig. 8, the SNR in NIMO 

is better than that in IMO all the time at 240K. Dark current 

noise is almost eliminated through sufficient cooling. Due to 

lower CIC, the EMCCD operated in NIMO provides higher 

SNR performance. Therefore, we conclude that an EMCCD 

operated in NIMO offers the optimum SNR performance in 

short integration time and strong cooling conditions. In contrast, 

an EMCCD operated in IMO is the optimum choice.  
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