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We report on the noise analysis of high performance germanium quantum dot (Ge QD) photodetectors

with responsivity up to �2 A/W and internal quantum efficiency up to �400%, over the 400–1100 nm

wavelength range and at a reverse bias of �10 V. Photolithography was performed to define variable

active-area devices that show suppressed dark current, leading to a higher signal-to-noise ratio, up to

105, and specific detectivity D� ’ 6� 1012 cm Hz 1=2 W�1. These figures of merit suggest Ge QDs

as a promising alternative material for high-performance photodetectors working in the visible to

near-infrared spectral range. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4960532]

Efficient and fast photodetectors (PDs) are crucial com-

ponents of integrated optoelectronic circuits. Because of its

small bandgap, crystalline germanium (Ge) has become a

popular PD material for near-infrared photodetectors.1–4

Various forms of nanostructured Ge have been investigated

for improved optoelectronic performance,4–10 including Ge

quantum dots (QDs) embedded in an oxide matrix for high-

efficiency photodetection.5,10–15 In this letter, we perform

photoresponse characterization as well as noise analysis of

metal-oxide-semiconductor (MOS) PDs based on Ge QDs

embedded in an oxide matrix. A 200 nm-thick oxide film

containing Ge QDs was fabricated by co-sputtering of Ge

and SiO2 targets on n-Si substrates held at a temperature of

400 �C during the deposition.16,17 In addition, a 500 �C
annealing step was performed in a N2 environment for

30 min to improve the quality of the oxide matrix while gen-

erating a higher density of crystalline Ge QDs with larger

size.13 Subsequently, an optically transparent, highly con-

ductive �100 nm-thick ITO layer was grown as the top

gate electrode using sputter deposition through a �0.25 cm2

shadow mask. The sample was then cleaved to define a

device with active area of �1.5 mm2. Finally, photolithogra-

phy was performed on the remaining part of the sample to

define several devices with 0.5 and 1.5 mm2 active areas,

obtained by etching away the ITO and Ge QD/SiO2 layers

using a dilute HCl solution. Current-voltage (I–V) measure-

ments for the fabricated MOS photodetectors were carried

out as a function of incident wavelength by illuminating the

sample with a xenon lamp coupled to a spectrograph. The

incident power at various wavelengths was measured using

a calibrated power meter and it was kept constant at

Pin ðkÞ� 12 lW using a neutral density filter wheel. The I–V
curves of two 1.5 mm2 area Ge QD photodetectors, one fabri-

cated by cleaving the original sample and the other defined

by photolithography (see schematic in Fig. 1(a)), are pre-

sented in Fig. 1(b) at a representative incident wavelength of

600 nm. The PDs rectify in the dark with an on/off ratio

greater than three orders of magnitude, measured at symmet-

ric voltages of �1 and 1 V. They show a strong photoresponse

(with photocurrent values three orders of magnitude higher

than the dark current values for devices whose active area has

been defined by photolithography) at �10 V and saturation

below �7 V implying that they can be operated with almost

unchanged performance in that voltage range. Most impor-

tantly, it is observed that the device defined by photolithogra-

phy shows an order of magnitude decrease in dark current as a

consequence of suppressed leakage on the periphery due to

removal of the partially conducting Ge/SiO2 matrix which is in

contact with the Si substrate (see schematics in Fig. 1(a)). The

0.5 mm2 devices also defined by photolithography exhibit even

lower dark current of 6� 10�9 A (not shown). The measured

dark currents are about two orders of magnitude smaller com-

pared to our previously reported photodetectors.16,17 The mean

values and standard deviation (presented as error bars) of the

spectral responsivity (Rsp), external quantum efficiency (EQE)

and internal quantum efficiency (IQE) of both pairs of identical

area PDs are shown in Fig. 2 at a reverse bias of �10 V,

together with the measured reflectance (R) at normal incidence,

over the k¼ 400–1100 nm wavelength range. The Rsp, EQE

and R were determined using a QEX10 system from PV

Measurements Inc. which includes a calibrated specular reflec-

tion reference sample and a calibrated silicon photodetector.

The responsivity in Fig. 2(a) was measured by first calculating

the photocurrent, i.e., Iph ¼ jIt � Idj, defined as the total cur-

rent under illumination (It) minus the dark current (Id) at the

given reverse bias and incident wavelength (k), and dividing it

by the incident optical power, Pin, i.e.,

Rsp kð Þ ¼ Iph kð Þ
Pin kð Þ

: (1)

As is evident in Fig. 2(a), the mean Rsp of the 0.5 mm2 devi-

ces reaches a maximum of �2 A/W, whereas that of the

1.5 mm2 devices is �1.7 A/W. The responsivity drops off as

we approach the near ultraviolet and as well as near infrared

but it is still �0.3 A/W at 400 nm and 1100 nm, i.e., near the
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band-edge of the Si substrate. This is in contrast to the unan-

nealed Ge QD PDs as published previously,16,17 where Rsp,

albeit possessing a higher peak value, goes to zero when the

energy of the incident photon approaches the energy bandgap

of silicon. The current devices exhibit a lower peak but a

broader and more uniform spectral photoresponse. The

extended spectral response can be explained by increased Ge

QD size associated with an amorphous to crystalline phase

transition,6,13 leading to a smaller absorption bandgap, whereas

absence of sharp absorption peaks is attributed to dispersion of

QD sizes and an abundance of surface states.15 Additionally,

the low standard deviation of the mean Rsp for same area devi-

ces throughout all incident wavelengths (0.16 A/W for the

1.5 mm2 and 0.1 A/W for the 0.5 mm2 devices) is evidence

that our fabrication process leads to reproducible results.

Moreover, Rsp values show little dependence on active area as

the incident power density was kept constant during the meas-

urements. The EQE of the PDs was also calculated as a func-

tion of k by normalizing the photo-generated current by the

number of incident photons at each wavelength, i.e.,

EQE kð Þ ¼ Iph kð Þ
Pin kð Þ=Ec kð Þ

; (2)

where EcðkÞ is the energy of a photon of free-space wave-

length k. The respective EQE curves of the detectors at

reverse bias of �10 V are presented in Fig. 2(b). Both 0.5

and 1.5 mm2 devices exhibit a mean peak value of �280%.

In order to characterize the IQE, we measured the reflectance

at normal incidence, shown in Fig. 2(c), and then normalized

the number of photo-generated carriers by the number of

absorbed photons, i.e., by 1� R times the number of incident

photons for any given k, so that it is obtained by

IQE kð Þ ¼ EQE kð Þ
1� R kð Þ

: (3)

Equation (3) assumes that all incident photons that are not

reflected back into free space are absorbed in the PD active

region comprising the Ge QD layer and the n-Si substrate

FIG. 2. (a) Responsivity Rsp, (b) external quantum efficiency EQE, (c) nor-

mal incidence reflectance R, and (d) internal quantum efficiency IQE spectra

of the Ge QD photodetectors at reverse bias of �10 V. For panels (a), (b),

and (d) each point represents the mean value, whereas the error bars repre-

sent the standard deviation of measurements performed on different devices

with same area.

FIG. 1. (a) Schematic of the 1.5 mm2 device, cleaved from the original sam-

ple, and a same size PD defined by photolithography. Arrows depict periph-

eral leakage current through the Ge/SiO2 matrix. (b) Current-voltage

characteristics showing the photoresponse of the two 1.5 mm2 PDs as a func-

tion of reverse bias, in the dark and for incident light of k¼ 600 nm at inci-

dent power equal to �12 lW. Black/blue solid lines depict dark current of

cleaved/photolithographically defined sample, whereas dashed lines show

current under illumination.
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within a diffusion length of the Ge QD-containing interface.

In reality, some photons may penetrate deeper into the sub-

strate and create electron-hole pairs that recombine without

contributing to the photocurrent, so the IQE estimated above,

shown in Fig. 2(d), represents a lower bound on our PD per-

formance. At �10 V of bias the mean peak IQE of the

0.5 mm2 PDs reaches 400% whereas that of the 1.5 mm2

devices is 360%. In agreement with Fig. 2(a), there is now a

strong non-zero response near the Si band-edge, i.e., IQE

�50% at k¼ 1100 nm for both 1.5 and 0.5 mm2 detectors, a

remarkable result compared to previously reported data.16,17

In addition to Rsp and IQE, the signal-to-noise ratio (SNR) is

an important figure of merit for a photodetector, defined as

SNR¼ Iph=rn, where rn indicates the total current noise. In

general, two main sources of noise need to be considered:

the Poisson (shot) noise ðr2
s ¼ r2

ph þr2
d ¼ 2eðIph þ IdÞBGÞ

and the Johnson-Nyquist noise ðr2
j ¼ 4kTB=RÞ, where rph is

the photocurrent shot noise, rd is the dark current shot noise,

e is the elementary charge, Id is the dark current, B is the

�3 dB bandwidth, kT ¼ 0.026 eV at room temperature, G is

the internal gain (IQE), and R is the load resistance. In order

to calculate SNR, we investigate the photocurrent, band-

width and IQE dependence of the best performing 0.5 mm2

device on incident power (measured using a calibrated power

meter) at a reverse bias of �10 V. A 15 kX resistor connected

in series to the PD acted as the load. The resistor value is far

smaller than the effective PD’s resistance so that the voltage

drop across the PD approximately equals that of the biasing

DC source. A 640 nm wavelength laser was used as an illu-

mination source. Our obtained results are reported in Fig. 3.

As demonstrated in Fig. 3(a), over the 10 nW to 12 lW

range, Iph increases linearly whereas the IQE remains

approximately constant, showing only a slight increase at

intermediate powers due to an increased charge (holes) trap-

ping in the Ge QDs that causes a higher internal gain.16 On

the other hand, the �3 dB bandwidth B shows a sub-linear

behavior, exhibiting a change of slope at �300 nW and

reaching a maximum value of 2 kHz at 12 lW of incident

power. The �3 dB bandwidth at each incident power was

extracted from frequency dependent roll-off measurements

of the peak to peak voltage drop across the load resistor, per-

formed by direct digital modulation of the laser beam and is

shown in the top inset of Fig. 3(c) for the representative

12 lW incident power case. Using the same experimental

setup, we also studied the time response of the PDs as a func-

tion of area. As depicted in the bottom inset of Fig. 3(c), for

a laser modulation frequency of 200 Hz the 0.5 mm2 device

shows a shorter rise time sr (130 ls) than the 1.5 mm2 device

(400 ls), therefore implying increased bandwidth.

Specifically, the ratio of rise times approximately equals the

ratio of device areas, suggesting that the smaller sr of the

0.5 mm2 PD is a result of respective decrease of the RC cir-

cuit constant. Considerably smaller response times, with

slight effect on Rsp, can be achieved by thinning down the

oxide layer as has been demonstrated previously.17 In Fig. 4,

we present the calculated noise current contributions to the

total noise current and the respective room temperature

SNR. As seen in Fig. 4(a), there is a clear crossover from the

thermally dominated noise regime, defined as a total of the

Johnson-Nyquist noise and the dark current shot noise,18

FIG. 3. Experimentally measured dependence of the (a) photocurrent, (b)

IQE, and (c) bandwidth of the best performing 0.5 mm2 Ge QD photodetector

on incident optical power for reverse bias of �10 V. The top inset in panel (c)

demonstrates the process of determining the �3 dB bandwidth B, i.e., carrying

out frequency dependent roll off measurements, at a representative power of

12 lW. The bottom inset shows rise time measurements performed on a

0.5 mm2 and 1.5 mm2 area device inferring that the PDs’ bandwidth scales

inversely with area as a consequence of the reducedRC constant.

FIG. 4. (a) The two calculated main sources of noise current, showing cross-

over of the total noise from the thermal to the shot noise regime at �300 nW

and (b) Signal-to-noise ratio of the best performing 0.5 mm2 Ge QD photo-

detector at reverse bias of �10 V.
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rth ¼ ðr2
j þ r2

dÞ
1=2

, to the quantum regime dominated by the

photocurrent shot noise, rph ¼ ð2eIphBGÞ1=2
. The thermal

noise dominates the low optical power range up to �300 nW

at which point the photocurrent shot noise rph takes over.

Having gathered full knowledge of the power dependence of

each of the SNR components (Iph, G, and B), the SNR is pre-

sented as a function of incident optical power in Fig. 4(b).

Clearly, the SNR dependence on incident power comprises

two distinct sub-linear regimes separated by a knee at

�300 nW. This behavior directly arises from the total noise

rn being dominated by the thermal noise below 300 nW,

where SNR can be approximated by SNR¼ Iph=rth, and by

the photocurrent shot noise above 300 nW, where SNR is

approximated by Iph=rph. Finally, Fig. 4(b) makes it possible

to estimate the specific detectivity D*, which is another basic

figure of merit to assess the performance of photodetectors,

defined as D� ¼ ðABÞ1=2=NEP, where A is the photodetector

area and NEP is the noise-equivalent-power. NEP can be

estimated by linearly extrapolating the thermally dominated

range of the measured SNR from Fig. 4(b) to SNR¼ 1,

yielding NEP �0.1 pW thus obtaining D� ’ 6� 1012

cm Hz1=2 W�1. Based on the measured Rsp, IQE, and D*, the

performance of Ge QD PDs is comparable to or higher than

commercial Si photodetectors19 and other photodetectors

working in a similar spectral range,20–27 as shown in Table

S1.28

In summary, we have studied the photoresponse and

noise performance of Ge QD MOS photodetectors on n-type

Si substrates with various active areas defined by photoli-

thography. Compared to previously reported data,16,17 these

devices exhibit reduced leakage current with consequently

higher SNR and improved photoresponse near the edges of

the 400–1100 nm spectral range. The results presented here

demonstrate Ge QD photodetectors as promising alternatives

to conventional silicon-based photodetectors.
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