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|. Photons and Semiconductors
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Propagation of an electromagnetic field through an absor bing medium.

1). An electromagnetic field incident on an interface between media
with differing dielectric constants will have a fraction R of itsintensity
reflected from theinterface and a fraction T=(1-R) transmitted through
theinterface. The coefficient of reflection may be calculated from the
well known Fresnel equations. Semiconductors, dueto their largee,
typically have R=0.3 for normal incidence from air.

2). Generally, when a photon of frequency v travelsin an absorbing
medium, it will travel an average distance of 1/a(v) before being
absorbed, where a(v) isthe absor ption coefficient of the material. We
may represent thisasa differential equation for the intensity of a
propagating electromagnetic field:

o o)l - 1(x=%,) = 1(x,)e "7
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3). In semiconductors, there are several processesthat may result in the
absor ption of an incident photon. Interband transitions (a) may occur
when aresonant photon interacts with a valence electron, exciting it to
an unoccupied level in the conduction band. Chargetransfer
transitions (b) may occur in which a photon either excites a valence
electron into an empty acceptor state, or excitesa donor electron into

an empty conduction band state. Intraband transitions (c) may also
occur in which a valence electron is excited into an unoccupied valence
band state, or a conduction electron isexcited into an unoccupied
conduction band state.
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Possible absor ption processesin a semiconductor: Absor ption coefficients of common semiconductors.
(a) Interband, (b) Charge Transfer, and (c)
Intraband.
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Absorption in adirect gap semiconductor such as Absorption in an indirect gap semiconductor such
GaAs. as Si. Absorption isimmediately followed by a

nonradiative transition to the lowest unoccupied
conduction band state.

4). The quantum efficiency n of aradiation detector isdefined asthe
probability that a photon incident on the detector will generate a
chargecarrier pair that may contributeto a current flow through the
detector. Thus, if { percent of the generated charge carrierscontribute
to thecurrent and 1-C percent suffer immediate recombination or
become trapped at localized states, we may write the quantum
efficiency asfollows:

n=@Q-R{@L-e""")

5). Theresponsivity [0 isanother important parameter used to
characterize aradiation detector. Theresponsivity isdefined asthe
ratio of generated photocurrent to incident electromagnetic power .
Sincethe photocurrent isjust the effective carrier charge generated by
the absor ption of a photon (g=Ge) times the product of the photon flux
and quantum efficiency (in steady state), and the power isjust the
photon flux timesthe photon energy, we may write an equation for [.
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1. Photoconductors
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1). Thesimplest type of semiconductor radiation detector involves
observing the change in conductivity in a semiconductor dueto the
creation of additional charge carriersby an incident electromagnetic
field. These devices are commonly known as photoconductors.

2). Theconductivity o in the absence of illumination may be found as
follows from the current density J, velocity V, charge density p, electric
field E, and mobility p:
J=0cE ,but J=pv where V=pugE 0O o=up

Now, if pe isthe electron mobility, W, isthe hole mobility, Ne isthe
density of electronsin conduction band, and N, isthe density of holesin
the valence band, then

0 = e(UN, + 4, Ny)
If the material isthen illuminated, an excess density of chargecarriers
AN~AN,=AN will be created by photon absorption and the conductivity
will change by

Ao =&y, + 1, )AN
Next, if we assume that the electr omagnetic power isuniform
throughout a volume V=wA, and that carriers have an average lifetime
of T, we may write a differential equation for the excesschargecarriers.

dAN: nP AN
dt wAhy T
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But, in steady state AN is constant so that we may find the following:

dAN - O D AN - r’PT N AO— - er’.[(ue-'-uh) P

dt wAhv wAhv

We may now calculate theresponsivity from Ohm'slaw:

whv Ao whv
= e lentetiy) Gz ET(Het i) _ VetV _ T
P o Awhv w w T,

Notice that we may have a gain greater than unity! Thisimpliesthat a
single photon absor ption produces t/ty carrier pairs. Thisis
understood by realizing that 14 representsthe timefor the charge
carrierstotraversethe conductor and enter the external circuit.
Current continuity and charge conservation requiresthat new carriers
must enter the semiconductor from the external circuit until they
eventually recombine after timet. Thus, the charge carriers effectively
traver se the semiconductor t/tg timesresulting in gain.

3). In order to detect the change in conductivity, we must placethe
semiconductor in an external circuit such asthe one diagrammed
below.

R+ Ry

-

L=

Photoconductor %‘ R,

With this detection circuit, a changein the conductivity will result in a
changein the current, and therefore a corresponding changein the
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voltage drop observed acrosstheload resistor. The zero signal voltage
Vo and the changein theresistance of the semiconductor are given by

v, = e and AR=—1_ O V(Pp)=—eR _
R +R, AWAC R +R, +AR

4). One of the most important characteristics of a detector isits
temporal response to an incident time dependent intensity. A
fundamental limit to a detector'sresponseisthe lifetime associated with
generated chargecarriers. For example, if we consider the situation
depicted below, a singleincident photon generatesa charge carrier pair
which produce an associated current in thecircuit. Although thefield
was a delta function in both time and space, theresulting current isa
pulse extended over thetimefor the slowest chargecarrier to
recombine (decay).

Consider therate equation that wasderived earlier for atime
dependent excess carrier density.

dAN _ nP AN AN
dt wAhy T T

Now, if we solvethisfor noinitial excesschargecarriers, wefind that a
step function incident power produces an exponential riseand fall in
the excesscharge carriersand thusalso in the observed signal.

AN(0)=00O M2 AN#t) 191l e_T)

AN(0) = AN, OTPS  ANHt) ANOe_T
The general frequency response may be found from the Fourier
transform of a delta function impulse which gives

2rg

J1+(2m 1)

Thisexhibitsthe classic 3dB per octave rolloff of a single-pole low-pass
filter with an RC time constant of T. Thus, the ability of the conductor

to " store" chargecreated by an impulsefor atime t actstoreducethe

high frequency response of the devicein a manner equivalent to an RC
low-passfilter.

AN(f) =
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111. P-N Photodiodes

1). Semiconductor junction photodiodes can exhibit dramatically
improved performance over simple photoconductor detectors.
Photodiodes may be designed with improved response times, greater
sensitivity, decreased ther mal sensitivity, linearity over 9-10 orders of
magnitude, large internal amplification, and may also be used to
generate power such asin solar cells.

o Depletion layer -~

Electron energy

Carrier
concentration

fa) k) fe)
Schematic representation of an unbiased pn junction and the I-V response under an applied voltage.
2). A p-njunction exhibits an increased resistance dueto thereduced
number of charge carriersin the space charge region about the junction
(thedepletion layer). Now, consider light incident upon a p-n junction.
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If thelight produceschargecarriersinregion 3, they will randomly
move for atime T before recombining, thus producing no net current
(the applied voltage appear s almost entirely across the space charge
region dueto thelack of charge carriersand theresulting large
resistance). If thelight producescarriersin region 1, the strong
internal field of the space charge region will rapidly sweep thecarriers
acrosstheregion, thusresultingin anet current. Also, if light produces
chargecarrierswithin a diffusion length of the space chargeregion
(region 2), they may also diffuse into the region and be swept acr oss by
thefield. The net effect of the photogeneration of charge carriersisthat
a constant current iscreated that flowsfrom then to p regions of the
diode (a negative current). Thisphotocurrent isthesameasin our
earlier expression for the responsivity with G=1 (once carriersleave the
space chargeregion they no longer significantly contributeto the
current for the same reasons as given above, thus G=1).
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3). Therearetwo fundamental modes of operation for a photodiode:
photovoltaic mode and photoconductive mode. The equivalent circuits
appropriate for each are displayed below.
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4). In photovoltaic mode, the load resistor ischosen very large so that
the diode essentially seesan open circuit. Theequilibrium current
through the diodeisnearly zero and thus a positive voltage appear s
acrossthe diode that cancelsthe photogenerated current. Thisinduced
voltage may then be measured acrossthe load resistor.
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If we consider the photovoltaic circuit, theinduced voltage for low
frequencies (ignoring the capacitance) and a small shunt resistanceis

approximately

V

ext

_ kT UePnU
=—InG——"0]
e 0Ol hvd

(wherelsisthereverse-bias saturation current), thuswe seethat the
voltage varies logarithmically with the absorbed power .
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The most common use of the photovoltaic mode is not as a detector, but
asapower generator in solar cells. If weconsider theload resistor to
have a finite value, a current will flow of I=V/R_ which resultsin a
power of P=V?/R,.

Ry

5). In photoconductive mode, a large reverse biasisapplied to the
photodiode such that |eV[>>kT.

~ Vg —Vg
3 y <
o ’ I / N /
i’ — @ ]
¥ | . ‘\\
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A ——l " -
| \‘1 _ VH,I{RJT,
fax) b

Thus, we may approximate the current in the diode as
| =—(1,+1,) (but, typically sO010nA <<1,) — I, = _ﬂpabs

which showsthat the external current isdirectly proportional tothe
incident power. Photoconductivity modeisusually used for photodiode
detectorssinceit exhibitsfaster response, better stability, and a greater
dynamic range. Also, thestrongreverse biasincreasesthecarrier
velocities, reduces the junction capacitance, and increasesthe size of the
activeregion (the space chargeregion).
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6). Thefrequency response of the p-n junction issimilar to that of the
photoconductor, except with additional contributions. Thetransit time
of charge carriersgenerated in the space chargeregion reducesthe
frequency response of the photodiode, but sincethetransit timeisa
function of position in the space chargeregion, the frequency response
of the diode will depend upon theillumination conditions. If we assume
uniform illumination of the space chargeregion and a delta function in
time, theresulting current flow in the diode will exhibit alinear decay
to zero. Thus, the corresponding frequency responseisjust given by
the Fourier transform:

I(f)a%%os(nf T)—1§+(nr)zsi ne(mtf 9

wheretisthecarrier transit time across the entire space chargeregion
(if thetransit times are different for holes and electrons, separateterms

must beincluded for each carrier).
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Chargecarrier drift velocity asa function of applied field for several semiconductor materials.
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7). Thecurrent dueto chargecarriersproduced in the diffusion region
produces the same frequency rolloff asin the photoconductor, except
that the appropriatetimeisthechargecarrier lifetime. Sincethisis
usually much longer than the transit time, thiswill act to add a long tail
onto the response of the diode.
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The effect of carrier diffusion on the response of an ideal pn photodiode.

8). In addition to these effects, thereisalso an additional capacitance
duetothechargestored at thejunction. For an abrupt p-n junction,
the capacitance may be calculated by approximating thejunction asa
parallel plate capacitor

1

C = Ace, ZAEZesso % NN,
Cw 2[V V) NG +N,

wherew isthewidth of the space chargeregion, A isthearea of the
junction, Vo isthe zero current diode potential (the built-in voltage),
and Ny (N,) isthedonor (acceptor) concentration. Thisjunction
capacitance produces a frequency rolloff with time constant =R, C;.
Note that the capacitanceisreduced asthereversebiasvoltageis
increased.
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|\VV. Photodiode Design

1). PIN Diodes] The most common form of photodiode used isthe
silicon PIN diode in which a thick layer of an intrinsic semiconductor is
grown between the n and p layers of thejunction. Sincetherearevery
few chargecarriersin theintrinsic region, the space charge region
reaches completely through from the p tothen region. Thisresultsin
sever al advantages over the ssmple p-n photodiode.

Thewidth of the space chargeregion isincreased so that the active
area of the diode is effectively increased.

Theincreased width of thejunction reducesthejunction
capacitance.
Sincethe space chargeregion islarger, theratio of the current
generated in the space chargeregion to current generated in the
diffusion regionsisincreased, thusimproving theresponse time of

the diode.
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Schematic representation of a PIN photodiode. The presence of a second n* layer isto improve the Ohmic
contact between the semiconductor and the metal electrode.
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GENERAL PURPOSE PIN PHOTODIODES | Bbsolte Speciral Aesponse
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2). Heterojunction Diodes] For photodiode designsthat involve light
incident normal to the junction, absor ption in the layer befor e the space
chargeregion (usually the p doped region) may be a significant problem
for wavelengthsthat are strongly absorbed. For thisreason, most
photodiode designs employ a very narrow layer of highly doped p
material in order to minimize this absor ption loss. Heter ojunctions
may also be employed to eliminate thiseffect by using a p material that
has a larger bandgap than the ener gy of the photons being detected,
thus acting as a transparent window to theincident light.

prco f nf o

[ p* InGaAs(Zn) I‘”I M“m

/ n~ InGaAs \ \~4 pm

Ti}’Au contact

; B N InP buffer layer

An example of aheterOjunctlon photodlode

3). Schottky Diodesl] Schottky-barrier photodiodes replace the p-n
junction with a metal-semiconductor junction in which the metal layer
Isthin enough to be transparent to the incident radiation (which may
also simultaneoudly act as an anti-reflection coating for the diode).
Sincethejunction essentially occursat the surface of the diode, all of
theincident light isabsorbed in the active region, and the charge
carrier transit timeisdramatically reduced allowing high-frequency

oper ation (cutoff frequency >100 GHZz).
W—y Q
Semiconductor — o TT— Ec
Metal /
/ — ¢

Metal Semiconductor

j

fa) fh)
(a) A simple Schottky diode and (b) the corresponding band diagram.
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V. Avalanche Diodes

1). Avalanche photodiodes (APD) exhibit internal gain such that a
single photon may produce hundreds of charge carrier pairs. Sincethe
internal gain generally producesless noise than an equivalent external
amplifier, APD'sareuseful for very low light conditionsin which
minimization of the noiseiscritical.
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Avalanche multiplication in semiconductors: (a) impact ionization processin a uniform electric field depicted on
an energy band diagram, (b) avalanche multiplication with positive feedback, and (c) without feedback for k=0.

2). APD's utilize the phenomenon of avalanche breakdown in which the
field within thejunction ismade very large by applying a strong reverse
bias. Thechargecarriersthen may gain enough energy from thefield
to create additional charge carrier pairsthrough impact ionization.
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Thecharge carrierscreated by the absor ption of a photon are
accelerated in the electric field until after an average distance of 1/a
they gain enough energy to excite a new pair of chargecarriers, where
a.istheelectron ionization coefficient and ay, isthe holeionization
coefficient. Thus, asthe multiplication process continues acr ossthe
junction, the current grows exponentially with a characteristic length of
1l/a. Theratio k=a,/a.isknown astheionization ratio and represents
therelative effectiveness of holes and electronsto ionize new carriers.

3). Sincetheionization coefficientsincrease rapidly with field strength,
a breakdown field Eg and voltage Vg are usually defined such that for
fieldslarger than the breakdown value theionization coefficient is
greater than [010° m™.

4). 1f both holesand electrons may ionize new carrier pairs, the
multiplication exhibits positive feedback and the possibility of an
infinite gain. For high performance APD's, we would like to eliminate
all of the feedback dueto theinstability, noise, and reduced frequency
responsethat results from the feedback. Thus, APD materialsand bias
voltages are chosen so that k<<1 or k>>1.
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lonization coefficients as a function of electric field strength.



Thiel 4/20/99

5). Inan APD, wewould like to have thelargest active area as possible
in order to maximize the useful absor ption, but we would also liketo
minimize the size of the multiplication region in order to reduce
instabilitiesin the avalanche process due to excessive local electric fields
(greater field uniformity may be obtained in athin region). The
simplest type of APD that satisfies these conditionsis based on the
"reach-through" p-tep-n design. Inthisdesign, alightly doped p

region 1tis used asthe active absor ption region of the junction, and an
additional p region isgrown next tothen region in order toincreasethe
field strength to the point of avalanche breakdown near the p-n
junction.

Charge density

Y

Y

Electric field \

The"reach-through" p-tep-n avalanche photodiode structure.




Thiel 4/20/99

6). In APD's, extra care must be taken to design junctionsthat create
the most uniform electric fields within the diode, otherwise breakdown
may occur unevenly acrossthejunction.

Incident

radiation Metal ring
contact (+ve)

////////\m,/&‘ W/ ASSISIIY,

) F—
777 e \X

Avalanche Avalanche

- Metal contact

and heat sink

(—ve)

In this APD, the charge concentration at the corners produce a higher local electric field and thus breakdown
will occur therefirst.

Incident radiation Siy Ny
anti-reflection
Metal (+ve) _f,_,,rcoatjng
contact ring

Si 3 N‘q and 5102
passivation

=Channel stop
ditfusion

®©

L

A AW S TR P AR AR T LS N NG T e e - Metal (- ve)
contact

Thisdesign over comes this problem by including a lightly doped n " guard ring" about the edge of the
multiplication region that actsto reduce the electric field at the corners.



