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Accurate quantum efficiency measurement not only provides crucial information for the photovoltaic cell industry

but also supports experiments aimed at directly detecting dark matter and elastic neutrino interactions. The Dark

Matter direct searches paradigm has recently expanded to include particles with masses below 1,MeV/c2, where the

expected signal in an electron-recoil interaction is approximately in the eV range, just above the energy gap for silicon

and germanium. A robust calibration method for ionization signals in this lower energy region is essential. This

paper presents a method for measuring quantum efficiency and yield (q/E) in semiconductors using phonon-mediated

calorimetry. The Neganov-Trofimov-Luke phonon amplification method in low-temperature semiconductor crystals has

been employed to indirectly measure ionization down to single-electron accuracy. Specifically, at zero bias, the phonon

readout directly quantifies the total energy deposited within the detector, independent of the ionization yield. This

eliminates a significant source of systematic uncertainty in quantum efficiency estimates associated with total energy

uncertainty. The paper includes results from an updated ionization efficiency measurement in a germanium detector.

The search paradigm for dark matter direct detection is

expanding to encompass particles with masses well below

the GeV/c2 scale1. At this level, the contribution of inter-

actions between dark matter and electrons becomes signif-

icantly important compare to the interactions between dark

matter and nuclei. In experiments utilizing semiconductor

ionization detectors, the calibration of ionization efficiency

for electron recoil events becomes crucial, especially as the

interaction energy approaches the semiconductor gap. Data

from these searches are typically compared and calibrated

against well-studied high-energy sources, where ionization

yield—the number of charge pairs released per input en-

ergy—is well-documented2–7. For an accurate and reliable

analysis of the incident particle’s nature, it is imperative to

include an accurate estimation of the quantity of charge pro-

duced in the interaction. In particular, the ionization efficiency

at energies close to the semiconductor gap varies significantly

compared to high-energy interactions.

To date, the measure of ionization efficiency in Silicon and

Germanium has primarily relied on experiments utilizing the

statistical estimation proposed by Shockley8. This mean value

of energy per charge pair in silicon (3.6 eV) or germanium

(2.98 eV) was predicted by Shockley and subsequently mea-

sured by several groups2–7,9. The method for determining

these values is relatively straightforward, involving a known

light source, a target sample (Si, Ge, etc.), and a secondary,

calibrated detector to collect light reflected off the sample.

Knowledge of the incident energy, the intensity, and current in

the secondary detector enables a simple calculation to deter-

mine the absorbed energy, and measuring the current through

the sample is used to quantify the ionization efficiency.

This method is burdened with systematic uncertainties,

with the primary concern being the determination of the ab-

sorbed energy by the detector. Current estimates heavily rely

on models and primarily hinge on reflectivity measurements,

which are essential for accurately assessing absorbed energy.

Sample reflectivity, a variable quantity in the visible range,

is highly dependent on surface roughness, treatment, and the

specifics of the interface at which light interacts with the sam-

ple. In the case of germanium, different contemporary pub-

lications have reported reflectivities differing by a factor of

two, resulting in significantly varied estimations of ionization

efficiency. Setting aside the challenge of controlling systemat-

ics, this measurement inherently involves three distinct com-

ponents: a measurement of sample current, a measurement of

reflectivity, and a measurement of unabsorbed light via sec-

ondary detector current. The last two measurements are nec-

essary to calibrate the first measurement because the energy

absorbed by the sample is unknown, introducing uncontrol-

lable systematic uncertainties.

A measurement method exists that offers a straightforward,

singular, and independent assessment of efficiency in semi-

conductors. Ionization signals fundamentally entail observing

drifting charges. However, as drifting carriers scatter off the

lattice, they generate high-energy phonons, and the intensity

of these phonons is proportional to the number of carriers.

This implies that phonon signals can measure ionization un-

der biased conditions and estimate total absorbed energy un-

der unbiased conditions. This approach mitigates a significant

systematic error in measuring ionization efficiency.

Our phonon mediated ionization measurement is based on

the Neganov-Trofimov-Luke (NTL) effect - The transport of

charge through a semiconductor generates phonons whose to-

tal energy ENT L is equal to the liberated electric potential en-

ergy, and thus is proportional to both the bias voltage applied

across the detector Vext and the number of charges N.

ENT L = N · e ·Vext (1)

The number of charges produced in the interaction in turn

is proportional to the energy deposited in the interaction E0

and the ionization efficiency ε which we will use with units of

energy per pair created (N):

N =
E0

ε
(2)

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
0
3
8
3
3

 25 August 2025 19:14:06



Phonon-Mediated Quantum Efficiency Measurement in Semiconductors 2

Assuming that charge is not lost or gained from trap-

ping/detrapping or recombination the total energy E0 +ENT L

is simply:

ETotal = E0

(

1+
e ·V

ε

)

(3)

We will assume for the sake of this measurement that at large

enough fields the effects of recombination and trapping are

not a significant contributor. If it were, one should add a bias-

dependent term to this model.

FIG. 1. Germanium “coin" detector, measuring 25 mm ∅ by 7 mm

thick. Paper ≈ 300 um thick is used to insulate the crystal from

the copper contact free (CF) electrode. The electrode also accommo-

dates a stainless steel (SS) mount for the laser filament and is secured

to the detector via cirlex clamps. The reverse side of the detector is

lithographically patterned with an array of tungsten transition edge

sensors with aluminum fins for high energy phonon collection, and

a thin layer of amorphous Silicon (α-Si). This surface is also insu-

lated from chassis by cirlex clamps. The image in the top right is the

sensor arrangement on the patterned surface with an SEM scan of a

single sensor below it and the cross sectional diagram of the sensor

on the bottom left. The thin line at the center is the tungsten film,

overlaying the aluminum fins which comprise the bulk of the sensor.

Conventional semiconductor ionization rate measurements

rely on charge transport and readout using high impedance

front-end charge amplifiers, constrained by large detector ca-

pacitance and sensitivity limitations. Low-threshold phonon-

mediated detectors offer superior sensitivity. In the absence

of significant leakage current or breakdown, both phonon sig-

nal amplitude and the Signal-to-Noise ratio (S/N) increase lin-

early with bias voltage. Paul Luke10 demonstrated years ago

that these phonon measurements can be a highly sensitive in-

direct measure of ionization through Neganov-Trofimov-Luke

amplification. CDMS, employing NTL technology, achieved

unprecedented resolution (< 0.1 eVee)11 in small mass silicon

detectors, with a modest exposure of ∼0.5 g·day in a ground-

level facility, setting limits for DM-matter interactions12,13.

The EDELWEISS experiment also uses this technology for

low-resolution measurements14.

Our detectors, similarly to CDMSlite15, deploy very low

noise Transition Edge Sensor (TES) phonon readouts16 to

FIG. 2. Average Pulses from laser light tuned to have energy equiv-

alent of 1.5 keV with linearly increasing amplitude versus applied

bias up to 30 V while the noise power spectral density shows only a

slight increase (Inset).

indirectly measure ionization using the Neganov-Trofimov-

Luke effect in very low temperature semiconductor absorbers.

To maximize phonon collection efficiency, our standard de-

tector phonon sensors cover the majority of the detector sur-

face. However, this extensive coverage by metallic surfaces

introduces a systematic issue for our photon detection. Specif-

ically, the photons absorbed by the metallic films generate

phonons without electron-hole pairs, resulting in an apparent

lower ionization yield. In a previous study, to mitigate leak-

age current in our low-threshold high-voltage detectors, our

group developed a contact-free geometry. This involved intro-

ducing a vacuum gap between the bias electrode and the sub-

strate, leaving one surface of the detector polished and without

contacts17,18. This biasing technique enables direct exposure

of the semiconductor to photons. The detector used in this

work employs a similar contact-free technique.

To date, the NTL effect has been employed to retroactively

determine the initial signal strength of an interaction, enabling

phonon-mediated measurements of small ionization signals.

We have reversed this calculation to perform the measurement

of efficiency, leveraging information about both the original

and amplified signals. Assuming a linear proportionality be-

tween signal amplitude and energy, Eq. 3 can be expressed

as:

ATotal = A0

(

1+
e ·V

ε

)

(4)

Therefore, measuring ε involves simply determining the slope

and the intercept on a plot of amplitude versus bias:

ε =
b

m
(5)

In this context, the intercept signifies the interaction energy

in arbitrary units. The slope represents the signal or energy
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FIG. 3. Left: Amplitude versus detector run time with 0 detector bias, before data quality cuts are applied. Right: 640nm laser pulse height

versus time for various external biases without gap correction. Contact free geometries result in a charging effect which effectively screens

the internal field of a detector. The pulse height used for calculation is the pulse height at the moment of bias. This number is extracted by

applying a linear fit to the pulse height versus time plot and calculating the intercept. The solid black line at the bottom indicates the zero-bias

level of the laser amplitude. Vertical gaps in data correspond to down time required to save buffered data.

gain from NTL amplification, measured in units of inverse en-

ergy. Consequently, the quantum efficiency can be determined

without a prior assumption about the total energy.

Our test device to demonstrate this method consists of a

small, coin-sized crystal patterned on one face with CDMS-

style Transition Edge Sensors, and the reverse face polished

smooth and bare. A block diagram along with sensor layout

and design are visible in Fig.1 As mentioned earlier, a vac-

uum electrode on the bare face provides the biasing field, gen-

erating NTL gain, while the phonon sensors are biased and

read out through SQUID current amplifiers. Average pulses

at various biases along with their associated noise spectra

are in Fig.2 A small hole in the vacuum electrode allows a

mounted fiber optic to project controlled light pulses onto the

bare surface, and both an 241Am and 55Fe source are mounted,

exposed to the patterned face. Although this measurement

doesn’t inherently require energy calibration, including these

sources is necessary due to the vacuum gap impeding direct

knowledge of the electric potential across the semiconductor.

Manually pulsed laser light is provided by Nanosecond Pulsed

Laser (NPL series) Diodes from ThorLabs emitting at 450

(2.75 eV), 640 (1.94 eV), and 980 nm (1.27 eV) and guided

through optical fibers from room temperature to the cold vol-

ume of the refrigerator. The detector bias was varied from 0 to

∼ 20 volts, and the resultant pulse height is recorded for laser

photons and 6 keV from 55Fe.

We calibrate the vacuum gap thickness by measuring the

gain in signal versus bias for the 55Fe source 6 keV photons.

Determining the slope and intercept for these events yields an

apparent efficiency of nearly 4.6 eV/pair. Setting the potential

drop across the vacuum using the well-studied efficiency for

high-energy events in Ge (2.98 eV/pair)2, we can calibrate the

gap via:

dgap =

(

dcrystal

[

1

κ
−1

])

ε
−1
R (6)

where dX are the thicknesses of the gap and crystal, κ is

the dielectric of Germanium (15.8), and εR is vacuum permit-

tivity. For this device, we estimated the gap to be 340 µm

which is very close to the expected gap from our paper spacer.

We can use this same process to correct the actual potential

across the semiconductor sample as a function of the applied

potential through a simple scale factor. It should be noted

that the uncertainty introduced through this calibration is rel-

atively small compared to the measurement itself considering

it is extracted from a linear fit over many points, but is still

propagated appropriately.

The initial validation of this method was conducted with

the 640nm laser. The stability and linearity of the detector

were assessed before biasing (Fig. 3 Left). The 60 keV and

6 keV photons from 241Am and 55Fe, as well as the lower-

energy events from the 241Am source, are observable. Energy

linearity is affirmed by the relative sizes of the 6 keV and 60

keV events. It should be noted that the 60 keV events are

generally too large for this particular detector, resulting in sat-

urated pulses and as such these events are not used for any

analysis presented here. The particulars of how pulse am-

plitudes are calculated depend on a method of template fit-

ting which does not take into account saturation effects which

leads to a spectrum broadening at higher energies. Biasing

between 0 and 20 V and measuring the pulse heights of each

event allow us to use the 0 V pulse height as our intercept.

Each subsequent pulse height is then collected, and the dif-

ference between these two values represents the gain at that

bias. Cross-calibrating the 6 keV and 60 keV events with this

method provides the same quantum efficiency at 3 eV/pair.
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The absence of metallic contact at the bare surface of our

detector results in a progressive charge buildup on that sur-

face. This accumulated charge generates a counter electric

field, leading to a smaller NTL gain, as depicted in Fig. 3

(right).

Without significant leakage current, this effect is antici-

pated to rely solely on the event rate, as charge pairs are cre-

ated and drifted. Indeed, a linear behavior in pulse height ver-

sus time is observed, as depicted in the right part of Fig. 3.

The pulse height relevant to this measurement is the uncom-

pensated pulse height, or the amplitude at the moment of bias.

This can be easily extracted by fitting the initial portion of

each dataset which is linear and using the t=0 intercept. Ini-

tially, we conducted these calculations using a red laser and

observed the expected linear response of gain versus bias.

FIG. 4. 6 keV pulse heights alongside Blue (450 nm - 2.76 eV),

Red (640 nm - 1.97 eV), and Near-IR (980 nm - 1.27 eV) laser pulse

heights as a function of corrected detector bias. Each laser energy

was measured in separate experiments. The slope divided by the

intercept (ionization efficiency) of each dataset is recorded in the top

left with the yield (event energy/efficiency) adjacent. Note that the

intercept used in this calculation is the measurement made at 0 bias,

and not the intercept of the fit. Collection issues and short data sets

result in “flat" regions at low bias which are not accounted for in this

model. Also note that each data set is collected in a separate run,

meaning that the specifics of detector condition such as temperature

can vary slightly.

The second check involves ensuring consistency. Laser

pulses are much shorter (∼ 10 ns) than the phonon collec-

tion time in our sensors (∼ µs) and so pulse width is effec-

tively tranlated directly to packet energy. By manually adjust-

ing the energy of each pulse during laser pulsing, we confirm

the linearity of the measurement. If the ionization efficiency

depends on the energy of individual photons rather than the

total event energy of the pulse, altering the pulse width and

amplitude should not affect our measurement.

Finally, we vary the photon energy using lasers of different

wavelengths (Fig. 4). Measurements with Blue (450nm), Red

(640nm), and Near-IR (980nm) lasers have produced compa-

Energy (eV): 1.27 (Near-IR) 1.97 (Red) 2.76 (Blue) >3.00

This Work 1.02 ± 0.12 1.73 ± 0.1 2.6 ± 0.13 3.0

Vavilov4 1.27 1.97 2.76 3.7

Christenson7 1.22 1.89 2.6 2.83

Tauc3 1.34 2.07 2.51 2.9

Koc9 1.27 1.97 2.51 2.5

Klein5 N/A N/A N/A 2.8

Antman6 N/A N/A N/A 2.98

McKay2 N/A N/A N/A 2.9

TABLE I. Ionization efficiency in eV/pair in Germanium as reported

by various authors. Values are approximated for works in which data

is not numerically recorded. Note that the value we report for ener-

gies above 3 eV (i.e. 6 keV, 60 keV) is a value which is fixed due

to the requirement of gap calibration in our particular setup. Using

a value of 2.8 or 2.9 for example would shift the reported values for

each other wavelength accordingly.

rable results above 2.5 eV, with slight deviations as laser en-

ergies approach the gap energy in Ge. It’s crucial to distin-

guish between yield and efficiency, as they are related quan-

tities. Our direct measurement focuses on efficiency—the en-

ergy cost per charge pair created in an interaction. Yield is es-

sentially the inverse, representing the number of charge pairs

per input energy. At energies slightly above the gap, yield

should be approximately 1, as reported in older publications.

For energies just above the gap, there exists an inverse rela-

tionship between yield and efficiency. The numbers recorded

in Fig. 4 display both efficiency and yield to facilitate a more

direct comparison with previous measurements.

We measure the gain for every bias starting from 0. How-

ever, the only data points relevant for quantum efficiency mea-

surement are the amplitude at 0 V and the slope at higher volt-

ages. Independently of the quantum efficiency, the ionization

collection at low biases can be affected by physical processes

such as recombination and trapping. Thus, we exclude that

segment of the data from our analysis. Low bias data is high-

lighted in grey in Fig. 4 to illustrate the range of data that

is excluded from fitting. Identical measurements were per-

formed using a negative bias with similar analysis parameters,

yielding the same results.

As summarized in Table I, there are marginal differences

between the results of the measurement presented here and

historical measurements, particularly deviating at lower ener-

gies. It is evident that historical measurements were not in

complete agreement about the efficiency as photon energy ap-

proached the gap energy, but our measurement consistently

yields smaller efficiency for lower photon energies. Our pri-

mary systematic concern is the vacuum gap, which we have

accounted for. A subsequent measurement is already planned,

implementing a patterned grid on the face that currently has

the gap. This will enable a calibration-less measurement of ef-

ficiency and eliminate the gap estimation as a necessary step.

Recombination of carriers at the surfaces could also contribute

to discrepancies at lower biases, as charges reaching the un-

patterned surface may not necessarily relax their energy back

to the crystal—a grid patterning resolves this issue as well.

Discrepancies between the numbers reported here and those
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from previous studies, especially at low energy efficiency,

likely stem from the specific systematics in how earlier pub-

lications accounted for the energy absorbed by their sam-

ples. It is entirely conceivable that previous studies may have

overestimated the energy absorbed by their samples, leading

to higher estimations of energy/pair. The measurement pre-

sented here, in contrast, does not rely on precise accounting

of the absorbed energy, making it less susceptible to such un-

certainties.

We have demonstrated a robust, updated method of mea-

suring quantum efficiency in semiconductors which benefits

from low noise low temperature phonon readout. The method

alleviates the main challenge of the previous measurements

i.e. the estimate of total absorbed energy in the detector. This

is an important step toward determining the nature of low en-

ergy electron recoil events in the field of rare-particle searches

and in understanding the exact mechanism of ionization exci-

tation in the broader field of semiconductor science. Our first

measurement of ionization efficiency using this method re-

vealed discrepancies with the values previously reported that

are likely due to the difference in the systematics associated

with different measurement methods. We plan on repeating

this measurement on Silicon and other common semiconduc-

tors using phonon mediated detector with different contact ar-

chitectures.
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