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Abstract. The paper presents the study of experimental current responses of Si
pt-n-n* 3 mm thick structure operated at 40 mK. Analysis of the data showed reduction of
carrier lifetimes in silicon to 50-70 ns for electrons and 350 ns for holes, which is the most
critical factor for restriction of the internal thermal gain in bolometric detectors based on
the Joule-Lenz effect and should be accounted for in the optimization of detector design.
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Annoramms. B cratbe mpeacTaBieHbl pe3yabTaThl UCCACAOBAHUS 3KCIIEPUMEHTAIbHbIX
TOKOBBIX OTKJIUKOB KPEMHUEBOI p*-n-n*-CTpYKTYyphl TOJILIMHOK 3 MM, paboTalolieil mpu
temmnepatype 40 MK. AHaiu3 maHHBIX MMOKa3ajl YMEHbIIEHWE BPEMEHU XU3HU HOCUTENel
3apsiia B KpeMHUU 10 50-70 Hc mnst 271ekTpoHOB U 350 HC AJig ABIPOK, UTO SIBJISIETCS
HauOoJjiee KPUTUUYHBIM (paKTOPOM JJIsI OrpaHUYEHMs] BHYTPEHHErO TEILUIOBOTO YCUJICHUS
B OOJIOMETPUUECKUX AETEKTOpPax, OCHOBaHHBIX Ha addekre [Ixoynsg-JleHua, U JOIKHO

YUYUTBIBATHC MPU ONTUMU3ALUU KOHCTPYKLIMMU AETEKTOPA.

KiioueBble ciioBa: KpeMHUI, TOKOBBIII OTKJIMK, 3aXBaT HOCUTEIEH, OOJIOMETpUIECKUIA
JIETEKTOP

®unancupoBanue: PaboTa BeITTOTHEeHA B paMKax ['ocymapcTBeHHOro 3aganus |[1poekt
Ne 4r24].
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Introduction

Bolometric radiation detectors (BDs), in which the signal is a change in the temperature of
the semiconductor sensitive element (SE) due to the energy deposition by the detected particle,
attract growing interest owing to the possibility to achieve unique sensitivity. Development of
BD on high purity Ge and high resistivity Si is motivated by the search for dark matter particles
(CDMS and EDELWEISS collaborations [1, 2]) and measuring the characteristics of neutrinos.
In particular, the latter is planned within the scope of program No. 8 at the National Center for
Physics and Mathematics, Sarov, aimed at building a silicon massive BD up to 10 kg operating
at a temperature of tens of mK [3]. A productive idea was to record the change in the SE
temperature arising from released particle energy instead of electrical signal generated at the
contacts of semiconductor sensor acting as a sensitive element (SE) of BD. The factor in favor
of achieving higher internal thermal gain (ITG) is that the heat capacity of Si decreases with
temperature as 7°, so, for example, reducing the operational temperature of a SE from 10 K to
10 mK should increase the temperature signal by a factor of 10°.

The ITG implementation is based on generation of the additional thermal energy AE, in the
SE via the drift of nonequilibrium electrons and holes created by the particle, expressed as

AEdr:Qe(t)'AV;+Qh(t)'AI/;z’ (1)

where Q (2), Q,(7) are respectively the charges of nonequilibrium electrons and holes, depending
on time ¢, and AV , AV, are the fractions of applied voltage J passed by electrons and holes that
follows from the Sflockley—Ramo theorem [4]. The drift energy AE, can be raised up to hundreds
of times by applying the proper voltage, accordingly increasing the ﬁD signal. The maximum gain
is achieved if O and Q, remain constant during the drift due to the absence of carrier trapping.
However, at temperatures < 100 mK this currently has no experimental confirmation.

Carrier trapping was earlier studied in Si SE with a thickness ¢ of 300 pym and 1 mm
[5, 6]. Here we extend this task to the sample with a 3 mm thickness using the same approach for
obtaining experimental data and their processing.

Experimental results and analysis

The p*-n-n* structure was processed on the 3 mm thick wafer of pure n-type silicon with
a resistivity of ~ 40 kQ-cm (concentration of phosphorus atoms < 10'' ¢m™) using planar
technology. The measurements of the responses were performed in a closed-loop dilution cryostat
at 7= 40 mK. The sample was mounted on a copper holder ensuring its thermal connection
to the cryostat plate. The holder and sample were screened by aluminum foil from the cryostat
warmer component radiation. The measurements of the current response, whose procedure was
described in [5, 6], were carried out using the Transient Current Technique with electron-hole
pairs generation by illuminating the sample contacts with a 670 nm, 47 ps laser pulse. Current
signals were recorded by a digital oscilloscope with an analog bandwidth of 2 GHz and an input
impedance of 50 Q. Negative bias voltage } was applied to the p*-contact while the n*-contact
was grounded.

In the measurements the current responses originated from the drift of carriers (either
electrons or holes) to the contact opposite to the illuminated one. Fig. 1, a shows examples of the
responses arising from electron drift from the p*- to the n*-contact. The pulse shapes observed at
V <160 V exhibit the following regions: a small narrow peak adjacent to the sharp pulse front, a
smooth signal growth to the maximal current, clearly defined descending pulse tops and gradual

© WUcakos U.M., Bepouukas E.M., Epemun B.K., ®aneeBa H.H., Epemun U.B., 2026. M3narens: Cankr-IlerepOyprekuii
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signal decay. The current in the narrow peak near the front (oval in Fig. 1, @) and the region
of slow current growth are presumably due to the space charge limited current (SCLC) process
[6], which forms an extended cloud of drifting electrons. Narrow peak disappears at V' > 240 V.
Within the time range of slow current reduction on the pulse top the current occurs as the drift of
the extended electron cloud between the p*-n-n" structure contacts. At J'> 140 V the pulse tops
demonstrate a slope close to a linear increase with the voltage, and a sharp drop of the signals.
Transition of the final gradual current decay to a sharp drop is the evidence that electrons reach
the n*-contact.

For the responses from holes (Fig. 1, b) the signal appeared at /= 40 V and at higher voltages
displayed a clearly defined sharp front and abrupt decay. No peak was observed near the pulse
front. The pulse tops showed a superlinear increase in the current at = 40-300 V and a nearly
linear rise at V> 300 V.
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Fig. 1. Current pulse responses of Si p™-n-n* structure to electron drift (¢) and hole drift ().
Dashed lines in (a) show linear top slopes at V= 140 and 500 V

Drift of nonequilibrium carriers in the Si SE occurs in the electrically neutral material due to
low operational temperature, at which thermal activation of charge carriers even from shallow
energy levels of boron and phosphorus with an activation energy of about 46 meV is impossible.
Thus, in the external circuit of the sample the current originated from the drift of charge cloud
acts as the displacement current arising from a change in the charge position in the volume
between the contacts. The depth & of carrier generation near the contacts at temperatures of a
few mK is ~ 10 um [6], which enables considering the process of charge collection as the drift of
a flat carrier layer in a 1D-geometry. Then, the resulting drift current 7 when the charge ¢ moves
at the coordinate x at the time t is described by the Shockley-Ramo expression [4]:

i(x)zq(t)FW(x)},L(F,T)F(x), 2)

where p is the mobility of drifting carriers depending on the electric field F and 7, and F is the
weighting electric field, which determines the efficiency of charge induction on the contacts, and
in plane-parallel geometry is 1/d.

Generally, the current shape may not have a flat top if it is controlled by the non-uniform
F(x) profile and the g(#) reduction due to the capture of carriers on electrically active centers.
However, according to [5], F(x) distribution in a p*-n-n"* structure is uniform at 7'< 800 mK since
the energy levels of shallow impurities of phosphorus and boron (positively charged donors and
negatively charged acceptors respectively) in silicon at F up to 3-10* V/cm cannot be thermally
activated. Cooling of the sample at zero bias voltage freezes electrical neutrality of the silicon
bulk and maintains this state in the range of electric field corresponding to the SE operation, and
F(x) profile still holds its uniformity. In turn, reduction of g(#) due to trapping and its kinetics are
dependent on the carrier capture probability 1/t ,=ov,N_(where 1 _is the trapping time constant
(carrier lifetime), ¢ and v, are carrier capture cross section and thermal velocity respectively, and
N is the trap concentration), which violates the flat pulse shape.
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Two approaches, both based on the trapping phenomenon of the drifting carriers, were
used to determine t .The first is fitting the current response tops using the relatronshrp
i(¢) © exp(—¢, /T ) (where tcol is the carrier collection time), which is only possible for electron
pulses with decay in the top. The exponential fits of the current response tops at low (140
V) and high (500 V) bias voltage, at which the SCLC effect is negligible, are illustrated in
Fig. 1, a by dashed lines. Reduction of the current on the pulse top is well fitted, which proves
the interpretation of its origin. The result of the analysis in the full range of bias is presented in
Fig. 2 as the dependence of T _on the average electric field in the sample determined as F' = Vyd.
The obtained t_ values for electrons are in the range 60—80 ns, rising only insignificantly with
the electric field increase at F > 0.7 kV/cm. It should be noted here that the applied approach
was based on the analysis of carrier package drift and required the knowledge of the electric field
distribution inside the sample bulk.

The second approach to evaluation of
T, is based on the relation between the
collected charge and carrier collection time.
. According to the Shockley-Ramo expression

e . that considers induction of the current
l_f—v\ oA on the sample contacts by drifting charge

" changing in time, the charge was determined
by integrating the current response over
t - This parameter was estimated as the
duratron between the time points at half of
or 1 the pulse front and half of the decay. The
experimental dependences for electrons
b0 o8 10 e 20 25 and holes as well as their fits are shown in

Electric field, kV/cm Fig. 3 as normalized charge Q  ~vs. ¢ .
For electrons, using simple proportronahty
Fig. 2. Dependence of the electron trapping time between Q. and exp(—¢ /t ) fails fails
constant on the average electric field to properly flrt the experimental data in the
total range of tcol. Therefore Q  ~vs. ¢
dependence was treated by using the Hecht equation [7, 8], which is only correct in the case otL

significant trapping and expressed as
I—exp| == (3)
tcol Ttr

The fit shows reasonable agreement with the experimental data at Tt~ 50 ns. It should
be noted that disagreement between the curves at 7z > 100 ns (V' < 60 ) may be due to the
influence of space charge limited current; however, the trends of the experimental data and the
fit well correlate. The matching results obtarned wrth different approaches for data treatment
give a clear indication of the distribution of electric field through the entire thickness of the
sample and the efficient charge drift between the p*- and n*-contacts.

The last note is the argument to use only the QO (¢, ) approach for evaluating the trapping
time constant for holes when the impact of the charge trapping on the current pulse shapes
is not resolved. The current responses corresponding to the hole collection (Fig. 1, b) have
specific shapes with intensively rising current, which can be explained based on the model of
carrier drift in an electric field strongly disturbed by the carrier cloud itself [6]. In the case of
non-intensive trapping of drifting carriers, the mechanism of the electric field distortion can
dominate, and analysis of the current responses becomes insensitive to trapping. Thus, the
0., (t. ) approach was used for fitting experimental data for holes, and the result is presented
in Fig. ﬁ (black dashed line). The fit with the Hecht function matches the experimental data
and yields t_, = 350 ns. In toto, in the range of smaller tcol the fits for electrons and holes
nicely match the experimental data whereas at ¢ > 100 ns coincidence is observed with large
errors, although the trend in the change of the experrmental 0., values corresponds to the
calculatron

Trapping time constant, ns

Qcol
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Going back to estimated 7t , it should
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3 be emphasized that the determined values
2 ool %"‘“B‘-ﬂmnﬁ: are 4-5 orders of magnitude smaller than
5 sk RN the values of several milliseconds typical
g o ‘\g\ for pure high-resistivity silicon at room
g ' S temperature. Such intensive trapping might
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E sk \«;\~.§o\ ] impurity levels of boron and phosphorus
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increases. The problem is to resolve the
individual contribution of Ntr and I, which
is hardly possible at the moment due to the
lack of [(T) dependences at a temperature of
a few K and below. This issue is the subject
for further study.
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Fig. 3. Dependences of normalized collected charge
of electrons and holes on collection time

Conclusion

1. The determined electron lifetimes were obtained using two methods of processing the
experimental results: the current pulse kinetics and the dependence of the collected charge on
the collection time. Therefore, the fact that the electron lifetime decreases by up to 5 orders of
magnitude compared to room temperature has a high degree of reliability.

2. The decrease in the hole trapping time by 4 orders of magnitude confirms the trend of
significant carrier lifetime drop, which requires physical understanding and additional study.

3. The measured trapping times should be taken into account when developing bolometric
detectors with internal thermal gain.
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